Titanium phosphinimide complexes for ethylene polymerization catalysis:  Synthetic, computational and polymerization testing investigations. by Beddie, Chad Lee
University of Windsor 
Scholarship at UWindsor 
Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 
2004 
Titanium phosphinimide complexes for ethylene polymerization 
catalysis: Synthetic, computational and polymerization testing 
investigations. 
Chad Lee Beddie 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/etd 
Recommended Citation 
Beddie, Chad Lee, "Titanium phosphinimide complexes for ethylene polymerization catalysis: Synthetic, 
computational and polymerization testing investigations." (2004). Electronic Theses and Dissertations. 
4396. 
https://scholar.uwindsor.ca/etd/4396 
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 
Titanium Phosphinimide Complexes for Ethylene 
Polymerization Catalysis: Synthetic, Computational 
and Polymerization Testing Investigations
by
Chad Lee Beddie
A  Dissertation 
Submitted to the Faculty Graduate Studies and Research 
Through the Department o f Chemistry and Biochemistry 
In Partial Fulfillm ent o f the Requirements for 
The Degree o f Doctor o f Philosophy at the 
University o f Windsor 
Windsor, Ontario, Canada 
January, 2004
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1*1 Library and Archives Canada
Published Heritage 
Branch
395 Wellington Street 






395, rue Wellington 
Ottawa ON K1A 0N4 
Canada
Your file Votre reference 
ISBN: 0-494-04989-8 
Our file Notre reference 
ISBN: 0-494-04989-8
NOTICE:
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.
AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.
The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.
L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.
In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.
While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.
Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.
Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.
i * i
Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
/o p t 7 ¥ ^
© 2004 Chad Lee Beddie
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Abstract
The influences o f the steric and electronic properties o f phosphinimide ligands on 
the ethylene polymerization activity o f cyclopentadienyl titanium  phosphinimide 
complexes have been investigated. These efforts resulted in  a new fam ily o f very high 
activity ethylene polymerization catalysts and have defined the principles required for 
future improvements in  related catalyst systems.
A  reliable polymerization testing method that allows control o f variables which 
affect polymerization activity has been established. For example, a series o f experiments 
employing the Cp*TiM e2 [NP(N(Et)(Ph))3]/B (C 6F5)3  catalyst system resulted in 
polymerization activities ranging from 0 to 5500 g mmol-1 hr-1 atm-1, thus illustrating the 
sensitivity o f the catalyst activity to the polymerization conditions.
Density functional theory methods were used to investigate the effects o f the 
electronic properties o f the phosphinimide ligand on the firs t two insertions o f ethylene 
using the model catalyst system CpTiMe2 [NPR.3]/B C l3 (R = Me, NH 2 , H, Cl, F). The 
results o f this study predict that electron donating groups should increase the 
polymerization activity, prim arily by assisting displacement o f the counterion prior to 
coordination o f ethylene.
Cyclopentadienyl titanium  complexes containing a phosphinimide ligand w ith a 
pendant pyridyl substituent, Cp'TiCl2[NP(R)2(2-CH2Py)] (Cp' = Cp, Cp*, R = i-Pr, f-Bu), 
and the donor-acceptor complexes, CpTiCl2[NP(R)2(2-CH2Py)]-B(C6F5)3 (R = i-Pr, t-Bu), 
demonstrated very low  to moderate polymerization activities upon activation by MAO. 
Polymerization testing o f Cp*TiMe2[NP(/-Bu)2(2-CH2Py)] using B(C6F5)3 as the co­
catalyst resulted in  an improved catalyst system.
Employing electron-donating amino (-NR 'R2) substituents on the phosphinimide 
ligand led to the new fam ily o f very high activity ethylene polymerization catalysts o f 
general formula Cp'TiMe2 [NP(NR1R2)3]. Polymerization testing revealed a qualitative 
relationship between the steric bulk o f the phosphinimide ligand and the polymerization 
activity. Under the appropriate conditions, using BfCgFs^ as a co-catalyst,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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polymerization activities for these pre-catalysts ranged from 2000 to 10000 g mmol-1 hr-1 
atm-1. Cp*TiM e2 [NP(N(rz-Pr)2)3] demonstrated a polymerization activity o f 10000 g 
mmol-1 hr-1 atm-1 upon activation by B(CeF5)3 , nearly twice as high as the very 
successful pre-catalysts CpTiMe2[NP(t-Bu)3] and Cp*TiM e2[NP(7-Bu)3] under the same 
conditions, and thus represents a significant advance in  the development o f new 
successful Group 4 phosphinimide ethylene polymerization catalysts.
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1
Chapter 1 Introduction
Synthetic polymers are employed in  an ever-increasing range o f products from 
clothing to electronics, thus influencing many aspects o f modem society. Consequently, 
there are significant ongoing scientific efforts by industry, government and academia to 
understand the fundamental chemistry o f polymers, and to develop cost-effective 
production methods. These efforts ultimately facilitate the use o f polymers in new 
materials and applications.
Polyethylene is the most w idely employed synthetic polymer due to its diverse 
u tility  and low  production costs. In fact, each year worldwide, over 44 m illion  metric 
tonnes o f polyethylene are produced. 1 To remain competitive in  this m u ltib illion  dollar 
market, chemical companies strive for cost savings and increased p ro fit margins.2 Hence, 
there is widespread interest in  new ethylene polymerization catalysts that circumvent 
existing patents or produce polymers w ith  enhanced value, such as copolymers w ith 
superior toughness or sealing properties.4 An ongoing collaboration between Dr. Douglas 
W. Stephan and co-workers at the University o f Windsor, and researchers at Nova 
Chemicals Corp., has resulted in  a variety o f new titanium and zirconium phosphinimide 
catalysts for olefin polymerization , 5 ’ 13 several o f which have industrial relevance. 14' 18
Since the advent o f metallocenes, ancillary ligand design has been the largest 
driving force behind major advances in homogeneous polymerization catalysis and thus 
fundamental chemistry is at the heart o f the olefin polymerization industry. Therefore, 
maximizing the potential o f Group 4 phosphinimide catalysts not only requires industrial 
testing, but also a clear picture o f how the phosphinimide ligand influences the 
polymerization process. Traditionally, ligand and catalyst optim ization is achieved by 
tria l and error, 19 through an iterative process o f synthesis, polymerization testing, data 
analysis, and new design. The entire process can be summarized in  the form  o f a catalyst 
development cycle, illustrated in Figure 1.1.
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Figure 1.1. Catalyst development cycle.
The work described in this thesis aims to expedite development o f the next 
generation o f catalysts by determining the features o f titanium phosphinimide complexes 
that are beneficial for ethylene polymerization. This thesis describes:
• a b rie f review o f related literature describing advances in the fie ld  o f olefin 
polymerization (Chapter 2);
•  a reliable polymerization testing protocol which allows control o f variables that 
influence polymerization activity (Chapter 3);
• a computational study on the effects o f electron donating and electron withdrawing 
groups on the mechanism o f ethylene polymerization catalyzed by titanium 
phosphinimide complexes (Chapter 4);
• the synthesis and polymerization testing o f titanium  complexes w ith phosphinimide 
ligands that include pendant pyridine ligands (Chapter 5); and
• the synthesis and polymerization testing o f titanium complexes w ith phosphinimide 
ligands o f varying steric bulk (Chapter 6).
Overall, this thesis is a combination o f chemical synthesis, polymerization testing, 
and computational analysis that is intended to form the basis o f a development cycle for 
new polymerization catalysts.
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Chapter 2 An Overview of Ethylene Polymerization 
Catalysts
2.1 History of Ethylene Polymerization
Over the past 70 years, polyethylene has become the most abundant commercially 
produced polymer product in  the w orld . 1 Several significant milestones were achieved in 
the process o f reaching current production levels.
In the 1930’s, a commercial, free radical process was developed20 ' 22 that produced 
a highly branched type o f polyethylene, now referred to as low  density polyethylene 
(LDPE ) 1 (Figure 2.1). Free radical ethylene polymerization is s till in  wide scale use 
today, accounting for over one third o f the world production. However, the high 
temperatures (500 °C) and pressures (-20,000 psi) required by this approach demand 
high capital investments and consequently, have lim ited the number o f new plants 







































Linear Low Density Polyethylene 
(LLDPE) 
poly(ethylene-co-1 -hexene)
Linear, High Density Polyethylene 
(HDPE)
Figure 2.1. Schematic representation o f examples o f common types o f polyethylene 
chains.
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The next breakthrough occurred in the 1950’s w ith the discovery by Karl Ziegler 
o f a catalyst system based on titanium halides and alkylaluminum compounds. This 
system was able to polymerize ethylene at dramatically lower pressures ( 1  atm) and 
temperatures (50-100 °C) than the free radical process.24 Shortly thereafter, G iu llio  Natta 
demonstrated that a-olefins, such as propylene, could be polymerized in a stereoregular 
fashion to produce crystalline polymers using a sim ilar catalyst system .25 These 
heterogeneous systems became known as Ziegler-Natta catalysts, and modem versions 
often consist o f various ratios o f MgCb, T iC l4 and A lfC iH s^. Today, Ziegler-Natta 
catalysts are used extensively to produce linear, high-density polyethylene (HDPE) and 
copolymers o f ethylene and a-olefins, called linear-low density polyethylene (LLDPE ) 1 
(Figure 2.1).
Another prominent innovation was introduced in  the 1950’s by Phillips Petroleum
O f 01
Co., ’ in  which chromium precursors were impregnated on silica to give the pre­
catalyst system described as C r(V S i0 2 . 28 ’29 In the 1990’s, the Phillips catalyst system 
was used to produce approximately one third o f a ll HDPE . 1
Table 2.1. Common Types o f Polyethylene.a







Low Density LDPE 0.910-0.940 Radical 1.7 x 107
High Density HDPE >0.941 Insertion 1.4 x 107
Linear Low Density LLDPE 0.915-0.925 Insertion 0 . 8  x  1 0 7
a A ll data taken from Kissin, Y.V. Olefin Polymers -  Polyethylene. In Kirk-Othmer Encyclopedia of 
Chemical Technology, 4th Ed.; Kroschwitz, J.I., Howe-Grant, M., Eds.; Wiley-Interscience: New York,
1996; 77,702.
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2.2 Metallocene Polymerization Catalysts
Metallocenes represent a major breakthrough in polymer chemistry as the first 
highly successful homogeneous catalysts for olefin polymerization. Thus, they are among 
the most w idely studied polymerization catalysts and have been reviewed extensively.30' 
40 In itia l reports o f titanocene ethylene polymerization catalysts appeared in the 
1950’s.41,42 However, in  the 1970’s and 1980’s, it  was the discovery that 
methylaluminoxane (M AO), in  combination w ith Cp2TiMe243 or Cp2ZrMe2 ,44 produced 
highly active catalyst systems for the polymerization o f ethylene and a-olefins that 
started the “ metallocene revolution ” .4 Metallocenes have had a huge impact on olefin 
polymerization technology for three major reasons:
• their solubility facilitates mechanistic investigations which continue to shed light on 
the insertion polymerization process; 31,32,45
• metallocenes are very productive catalysts, and the parent cyclopentadienyl ligand 
system can be modified systematically to yield extremely high polymerization 
activities; and
• select metallocenes can produce polymers w ith controlled microstructures through
• j i  '!£. 'in
stereoselective polymerizations. ’ ’
The stereoselective and highly active catalysts are particularly noteworthy since 
they demonstrate that ligands can control polymer molecular structures, thus creating new 
materials, and/or increasing catalyst productivity (Figure 2.2). For example, C2 
symmetric [rac-E t-[Ind]2]T iC l2 and [rac-Et-[Ind]2]Z rC l2 (2.1), in  combination w ith 
MAO, were the firs t homogeneous systems to polymerize propylene stereoselectively to 
form isotactic polypropylene 46,47 Subsequently, Cs symmetric pre-catalysts i-PrCp-1- 
F luZ rC f (2.2) and z-PrCp-1 -F lu H fC f were the firs t metallocenes for the stereoselective
d.t>
formation o f syndiotactic polypropylene (Figure 2.2). Very high activity was achieved 
w ith pre-catalyst (2.3) in  Figure 2.2, which is approximately 20 times more active than 
Cp2ZrCl2 for ethylene polymerization when activated by MAO.
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((4,4',5,5'-Me4 Flu)2 1,2-CH2 CH2 )ZrCl2
Polyethylene
2.3
Figure 2.2. Examples o f metallocene catalysts designed for stereoselective 
polymerization o f propylene (2.1-2.2) or very high ethylene polymerization activity (2.3).
The success o f metallocene-based catalysts has inspired ongoing, widespread 
searches for new homogeneous catalysts based on a myriad o f ligand designs, and a range 
o f metals spanning the transition series.3,4,49
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2.3 Alternative Non-Metallocene Homogeneous Catalysts
Since the discovery o f metallocenes, a number o f other highly effective 
homogeneous olefin polymerization catalysts have been developed that are not based on 
the metallocene framework.3 ,4 ,49 For example, in 1995, Brookhart and co-workers 
introduced N i and Pd catalysts that feature bulky a-diim ine ligands (2.4)4 ,50 In 1998, 
Grubbs and co-workers demonstrated the u tility  o f neutral salicylaldiminato N i(II)
c  i
complexes (2.5), ’ while the groups o f Brookhart and Gibson independently developed 
very highly active Fe catalysts bearing 2,6-fe(im ino)pyridyl ligands (2.6) (Figure 2.3).53' 
56 More recently, Jolly and co-workers reported chromium catalysts w ith amino-
• <7




M = Ni, Pd 
X = Me, Br 
R 1 = Me, /-Pr
2.5
L = PPh3,C H 3CN 
R 1 = Ph, Me 
R2 = H, r-Bu, Ph,
2.6
R 1 = H, Me
R = R = /-Pr, R’  = H, Me 
R 2 = R3 = Me, R4 = H, Me
2.7
X = C1 
X  = Me
Phen, Anth, Trityl, 
TPhen
R = R = Me, R = H
R = H, Me,
Anth (9-anthracene) Phen (9-phenanthroline) TPhen(meta-terphenyl)
Figure 2.3. Examples o f successful Group 6 , 8  and 10 homogeneous polymerization 
catalysts.
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2.3.1 Alternative Group 4 Homogeneous Catalysts
In  addition to the work on homogeneous catalysts w ith Group 6 , 8  and 10 metals, 
a tremendous amount o f research to develop metallocene alternatives has been conducted 
w ith Group 4 metals. In fact, between 1990 and 2001, over 230 papers were published on 
Group 4 non-metallocene olefin polymerization catalyst systems.3 This rivals the number 
o f papers on olefin polymerization using catalysts containing a ll other transition metals 
combined. A  few catalyst systems that have had a large impact on the fie ld o f olefin 
polymerization are discussed in more detail below.
Constrained Geometry Catalysts (CGC)
2.8
X = Cl, Me
Figure 2.4. Constrained geometry catalysts.
Constrained geometry ligands were firs t reported by Bercaw and co-workers58 on 
Sc, and by Okuda on T i. 59 Shortly thereafter, the Dow Chemical Company (Dow ) 60,61 and 
the Exxon M obil Corporation (ExxonMobil) 62 ' 64 were awarded patents for Group 4 
constrained geometry catalysts (2.8) (Figure 2.4). Dow subsequently trademarked the 
catalysts as INSITE™  Technology.39
The extensive experimental work on constrained geometry catalysts has been 
recently reviewed .3 ,49,65 In  addition, numerous computational investigations have been 
performed to investigate the polymerization mechanism . 66 ' 72 Constrained geometry
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catalysts are noted for their ab ility to incorporate long chain olefins into polyethylene, 
their high temperature stability, and their high stability toward M AO .65 These properties 
allow CGC catalysts to produce new types o f polyethylene; for example, Dow recently 
produced a spandex-type polyethylene monofilament that was designed for clothing 
applications such as swimwear. 73
McConville’s Diamide Catalysts
2.9
R = Me, i-Pr 
X = Cl, Me
Figure 2.5. M cC onville’s diamide catalysts.
In 1996, M cConville and co-workers introduced titanium  catalysts containing 
bulky chelating diamide ligands (2.9) (Figure 2.5).74,75 Under the appropriate 
polymerization conditions, these catalysts polymerize 1-hexene w ith high activities. In 
addition, they were the firs t example o f a catalyst system capable o f liv ing 
polymerization o f aliphatic a-olefins at room temperature.74 M odified chelating diamide 
ligands for Group 4 polymerization catalysts were subsequently reported by many other 
research groups and have been recently reviewed by Gibson and co-workers. 3,49
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M  = Ti, Zr
R 1 = H, Me, /-Pr, /-Bu, adamantyl, cumyl, 1,1-diphenylethyl
R2  = H, Me
R3 = Ph, Cy, C6 F5 .nHn
1 , 1 -diphenylethylcumyladamantyl
Figure 2.6. FI Catalysts
FI catalysts1 are Zr and T i complexes w ith phenoxy-imine ligands, developed by 
Fujita and co-workers at M itsui Chemicals, Inc . 19 The zirconium FI catalysts are noted 
for their very high ethylene polymerization activities, and are among the fastest catalysts 
known for any reaction (turnover frequencies (TOF) = 64,900 s- 1  atm- 1 ) . 19 The titanium 
FI catalysts were refined to achieve very high activities for the liv ing  polymerization o f 
ethylene and propylene (Figure 2.6).76
1 The acronym F I  is derived from the Japanese pronunciation of the phenoxy-imine ligand, Fenokishi-Imin 
Haiishi.
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2.4 Group 4 Phosphinimide Catalysts
Group 4 phosphinimide complexes are currently being developed for commercial 
application and represent one o f the few examples o f industrially viable homogeneous 
olefin polymerization catalyst systems. 14' 18 Stephan and co-workers in itia lly  chose 
phosphinimide ligands [NPR3]-  as ancillary ligands for Group 4 catalysts to m imic the 
steric and electronic properties o f metallocenes.5
Ti-Cp T i-T ritox Ti-Phosphinimide
Figure 2.7. Steric analogy between Cp, tritox and phosphinimide ligands.
The steric rationale was based on work reported by Wolczanski and co-workers, 
who noted a steric analogy between tri-tert-butylmethoxide (tritox) and cyclopentadienyl 
(Cp) ligands. 77 Since tritox and phosphinimide ligands are structurally similar, 
phosphinimides were also expected to m im ic the steric features o f Cp ligands (Figure 
2.7).5
The electronic comparison o f phosphinimide ligands to the cyclopentadienyl 
ligand was based on an in itia l proposal by Dehnicke, who extensively reviewed main 
group79 and transition metal78 phosphinimide complexes. In particular, he noted that a 
variety o f bonding modes had been experimentally observed, including linear 
coordination (A), bent coordination (B), or bridging coordination (C, D), suggesting that 
phosphinimide ligands can serve as 2, 4 or 6  electron donors (Figure 2.8). Dehnicke 
noted that bonding mode A, which is commonly observed for metals in high oxidation 
states such as T i(IV ), implies a (a, 2n) set o f orbitals for the metal-nitrogen trip le bond,
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comparable to those in r\5 cyclopentadienyl complexes (Figure 2.9).78 Thus, an electronic 
analogy between cyclopentadienyl and phosphinimide ligands was established.
[M ] N  PR3 [ M ] = N ^ = P R 3







•N.   i














Figure 2.9. Isolobal relationship between Cp’ and [NPR3] .
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In 1999, very high ethylene polymerization activities were reported for mono- 
cyclopentadienyl phosphinimide titanium catalysts, 5 and Zu.y-phosphinimide titanium 
catalysts. 6 Variations o f Group 4 phosphinimide complexes have been subsequently 
synthesized, and some o f the pre-catalysts are presented in Figure 2.10.5'8’10’13’16




/ ' \ , 1  R1 R
2.11
X = Cl, Me 
R 1 = f-Bu, /-Pr, Cy 
R2 = H, f-Bu
...mile


























X  = Cl, Me
Ti-^'X
2.15
R = Ph, Cy
2.16
X  = Cl, Me 
R = f-Bu, f-Pr
2.17
X  = Cl, Me
R 1 = f-Bu, f-Pr
2  .Rz = H, Me
Figure 2.10. Selected Group 4 phosphinimide complexes.
2.18
X  = Cl, Me
R = CF3,F , h , c h 3, o c h 3
2.5 Polymerization Mechanism of Group 4 Catalysts
The olefin polymerization mechanism for homogeneous Group 4 catalysts
80typically has three distinct phases; activation, propagation and chain transfer.
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It is generally accepted that the catalytically active species in the olefin 
polymerization process is a coordinatively unsaturated cationic alkyl complex, [LnM R]+, 
supported by several ancillary ligands.49 These cationic species exist as ion pairs 
[LnM R]+[A]~ and are typically generated from neutral dichloride [LnMCb] or dialkyl
n  i  o 9
[LnMMe2] pre-catalysts through one o f four methods: ’
1) Methyl-for-chloride exchange and subsequent alkyl/halide abstraction by MAO;
2) Abstractive cleavage o f M -R bonds by charged reagents such as [Ph3C]+[B(C 6F5)4]“ ;
3) Protonolysis o f M -R bonds w ith reagents such as [FlNMe2Ph]+[B(C 6F5)4]~;
4) A lky l abstraction by strong Lewis acids such as B(C 6F5)3.
These different approaches are shown schematically in  Figure 2.11.
1 ) LnMCl2  M A p  L nM(CH3)Cl M AQ L nM(CH 3 )Cl-MAO [LnMMe]+[Cl-MAO]'




- c h 4
[B(C6 F5)4] ’
8 ^M e - -
4) L nMMe2  L nM ^ Me^ B (C6 F5 ) 3  [LnMMe]+[MeB(C6 F5)3]‘
Figure 2.11. Catalyst activation mechanisms.
The w idely accepted polymer propagation mechanism is based on the Cossee- 
Arlman proposal, in  which the olefin firs t coordinates to the metal at a vacant site, and
83 84then inserts into the metal-alkyl bond (Figure 2.12). ’
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\^ P o ly m e r
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□  = vacant site Insertion
Figure 2.12. Cossee-Arlman propagation mechanism.
Polymer
ac n~s o c  on
Recent experimental and computational ’ " studies performed using Group 4 
homogeneous catalysts indicate that the counterion should be considered in the 
mechanism. For example, when 1-hexene was polymerized using the ion pair rac-Et- 
[Ind]2ZrMe-p-MeB(C 6F5)3 , it was concluded by the authors that the anion, 
[MeB(C6Fs)3 ]', re-coordinates to the metal center after each insertion.45 Incorporating the 
counterion into the Cossee-Arlman mechanism led to the proposal that propagation 
begins w ith  reversible coordination o f alkene w ith concomitant displacement o f the anion 
from the inner coordination sphere, followed by monomer insertion and re-coordination 
o f the anion to the cationic metal center 45








Figure 2.13. M odified Cossee-Arlman propagation mechanism including anion 
coordination.
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Chain transfer is the process that stops the growth o f the polymer chain. It may 
occur through an irreversible deactivation o f the catalyst80 or by the follow ing pathways:
1) P-hydrogen transfer to the metal; 3 1
2) P-hydrogen transfer to the monomer; 31 or
3) chain transfer to aluminum.
These approaches are illustrated in Figure 2.14.















2) P-hydrogen transfer to monomer
H2 Cv\
LnM Cj 2
\  J c










3) chain transfer to aluminum 
©
LnM H2
\  ^ C .  + r — a ix 2
C Polymer
H2




+ Polymer— C 
H2
Figure 2.14. Possible chain transfer mechanisms.
2.6 Considerations for Catalyst Development
Catalyst performance for ethylene polymerization is often judged on two criteria; 
the amount o f polymer produced, and the molecular weight distribution o f the polymeric 
material.
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2.6.1 Polymerization Activity
The firs t step in  evaluating a new catalyst is to determine the amount o f polymer 
that the catalyst can produce w ith in a given period o f time. Catalyst activity is reported in 
several different ways in  the literature; however, the most common units are g mmol-1  
hr' 1 bar- 1  or g mmoF1 hr- 1  atm-1, since these allow for differences in reaction times, 
catalyst concentration and polymerization pressure.49
, . . polymer massig)Activity = ------------------------— r —----------  = g mmol hr atm (2.1)
amount o f catalyst (mmol)x time {hr) x  pressure (atm)
Despite the standardized units, it  is often d ifficu lt to compare polymerization 
results in  the literature because catalyst activities depend on a wide variety o f factors 
including:
• vessel size and quality o f stirring;
• type o f solvent, co-catalyst and scavenger;
•  order o f reactant addition; and
• temperature.
For this reason, Gibson and co-workers proposed a scale o f merit ranging from 
very low  to very high to help enable comparison o f activities o f all catalyst systems 
(Table 2.2) 49
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Table 2.2. Rating o f the effectiveness o f a catalyst based on its activ ity .a’49
Rating Activity [g mmol 1 hr 1 bar *]
Very low < 1
Low 1 -  1 0
Moderate 1 0 - 1 0 0
High 1 0 0 - 1 0 0 0
Very high > 1 0 0 0
a A ll data taken from Britovsek, G.J.P., Gibson, V.C., Wass, D.F.; Angew. Chem. Int. Ed. 1999, 38, 428- 
477.
2.6.2 Molecular Weight Distribution
A  second criterion for evaluating a catalyst is to identify the molecular weight 
distribution o f the polymer material that is formed. Gel Permeation Chromatography 
(GPC) is a common method used for analyzing polyethylene samples. It provides
information on number average molar mass ( M n), weight average molar mass (Mw),  
and polydispersity index (PDI) o f the polymer.
7 7  77M n — - (2.2) Mw — „  (2-3) PDI  — —- (2.4)
Z j N i h N,M , Mn
88Nt is the total number o f molecules w ith molar mass M t .
In addition, the number average degree o f polymerization xn is given by
xn = M n/M {) (2.5)
M 0 is the molecular weight o f the monomer. 88
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2.6.3 Factors that Influence Catalyst Activity and Molecular Weight
To increase the polymerization activity o f a catalyst system, the most important 
considerations are:
• the percentage o f pre-catalyst converted to the active species; 89
89• the propagation rate; and
• the catalyst lifetim e.
The molecular weight o f the polymer depends on the catalyst lifetim e, and the 
ratio o f the propagation rate (kp) to the chain transfer rates, such as the rate o f (3-
hydrogen transfer ( ktr M). This is because at high monomer concentration the number
average degree o f polymerization ( xn ) is proportional to the ratio o f the propagation rate
(kp) to the rate o f P-hydrogen transfer ( ktr M ) . 88 This can be simply written as
x„ = kp/ k tr M (2 .6 )
Although both the activity and the molecular weight distribution can be 
influenced by polymerization variables and reactor layout, the design o f the pre-catalyst 
and co-catalyst(s) can also dramatically affect the polymerization process. ’ ’
2.6.4 Influence of the Co-Catalyst on Polymerization Activity and 
Molecular Weight
Since the development o f Ziegler-Natta catalysts, the choice o f co-catalyst has 
been critical to catalyst success. In recent years, an increased understanding o f the 
considerable influence o f the co-catalyst on polymerization activity and polymer 
properties has been achieved through synthesis o f new co-catalysts, computational and
77 87 8S 87 00experimental investigations, and detailed polymerization studies. ’ ’ ’ ’ In the
80simplest sense, the co-catalyst has two main functions:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 2 - Background 20
• to generate a cationic metal center capable o f polymerizing ethylene; and
• to serve as the counterion in  the polymerization process.
Influence of the Co-Catalyst on Polymerization Activity: Ratio of 
Activated Catalyst
The polymerization activity is affected by the co-catalyst through all three factors 
previously mentioned, i.e., ratio o f pre-catalyst converted to active species, propagation 
rate, and catalyst lifetim e. The ratio o f pre-catalyst converted to active species can be 
envisioned as the extent to which the equilibrium  illustrated in Figure 2.15 lies to the 
right. For example, in  metallocene polymerizations w ith M AO activation, Janiak has 
commented on the “ in fin ite ”  increase in activity upon increasing the A l:Z r ratio, which 
shifts the equilibrium  to the right.91
Figure 2.15. Equilibrium  between pre-catalyst, activator and ion pair.
Marks and co-workers used a series o f Lewis acids B(C6Fs)2A r (A r = C6F5, 3,5- 
F2C6H3, Ph, 3,5-Me2C6H3) to generate the [ ( l, 2 -Me2 Cp)2MCH3 ]+[CH 3B(C 6F5)2A r]- (M  = 
Zr, H f) ion pairs (Figure 2.16). For B(C6,F5)3, the mole percentage o f the cationic form 
[(l,2 -M e2Cp)2ZrM e]+[MeB(C6F5)3]~ was estimated to be >99% at 25°C, while the mole 
percentage for [(l,2 -M e2Cp)2ZrM e]+[MeB(C6F5)2(3,5-Me2C6Fl3)]~ was only 19% at 25°C. 
This indicates that less Lewis acidic boranes result in  incomplete methide abstraction. 
Subsequent polymerization testing demonstrated a qualitative relationship between the 
enthalpy o f ion pair formation (A H iPf), and thus equilibrium  position, to the ethylene 
polymerization activity.92
R
+ A ctiva tor LnM
0
X
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,M e © ^ M e
(1,2-Me2Cp)2M ^  + B(C6F5)2Ar (1,2-Me2Cp)2M ^ ~  +AH ipf
Me _ . .
MeB(C6F5)2Ar
M = Zr, H f A r = C6 F5, 3,5-F2 C6 H3, Ph, 3,5-Me2 C6 H3  
Figure 2.16. Ion pair formation energy (A H iPf).
In the same study performed w ith (l,2 -M e2Cp)2ZrMe2, the AHjPf fo r MAO was 
approximately the same as for B(C6F5)2(3,5-Me2C6H3) and therefore, assuming sim ilar 
entropy contributions, the mole percentage o f [(1,2-Me2Cp)2ZrM e]+[M e-M AO ]- would 
be expected to be ~ 20% at sim ilar concentrations and temperature. This was suggested to 
be one o f the reasons why a large excess o f MAO is necessary in  typical polymerization 
reactions, in  addition to its function as a reagent that alkylates metal centers and
• • 92scavenges impurities.
Once the active species is generated, the co-catalyst can influence polymerization 
activity through its role as a counterion. For metallocene and CGC catalysts, it is 
generally observed that the weaker the coordinating characteristics o f the anion, the 
higher the activity fo r a fixed cation, i.e. [B(C6F5)4]~ > [MeB(C6F5)3]~ > [XM AO ]".82 For 
example, Bochmann and co-workers demonstrated that propylene polymerization activity 
increases in relation to the coordinating ab ility o f the counterion in propylene 
polymerization experiments using the metallocene catalyst (rac-Me2 Si(Ind)2)ZrMe2 , and 
constrained geometry catalyst (Me2Si(Me4C5)(N f-Bu))TiR 2, activated by 
[Ph3C]+[CN(B(C6F5)3)2r, [Ph3C]+[B(C6F5)4r ,  and B(C6F5) 3 .90 Based on these results, 
they proposed that even in the case o f very bulky delocalized anions, displacement o f the 
anion by the monomer must be involved in the rate-lim iting polymerization step.90
The co-catalyst may also affect polymerization activity by influencing the catalyst 
lifetime. For M AO activation, excess residual trimethylaluminum (TM A )11 lowered the 
activity o f catalyst systems such as Cp*Ti(OBz)3/M AO  by acting as a reducing agent, 
thus decreasing the catalyst lifetim e.94 In related work, Stephan and co-workers isolated 
and crystallographically identified a T i(III) complex which was speculated to be formed
11 Excess residual TMA has been estimated to be 30 wt % of the total A1 in commercially available MAO 
solutions.93
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in a process where methyl-for-chloride exchange occurred, followed by a bimetallic 




HaC x  + CH3 CH3
CH3
2.19 2.20
Figure 2.17. Reduction o f a T i(IV ) complex by TM A to form a T i(III) dimer.
The ftA-phosphinimide titanium complex TiM e2 [NP(/-Bu)3 ]2  was reported to be a 
very highly active catalyst upon activation by [Ph3C]+[B(C 6F5)4]~ or B(C 6F5)3 , however, 
use o f M AO as a co-catalyst led to lim ited activity.6 Model studies w ith TM A identified 
divergent decomposition pathways, involving phosphinimide abstraction and C-H bond 
activation (Figure 2.18). These pathways are like ly  responsible for the decreased activity 
upon activation o f the metal complex w ith M AO.96 Sim ilarly, certain cyclopentadienyl 
phosphinimide complexes o f zirconium and titanium have lower polymerization activities 
when activated by M AO, compared to activation by [Ph3C]+[B(C 6F5)4]“ or
r  O 1 1  q  <7
B(C6F5)3 . • ’ ’ Model reactions w ith TM A have also revealed possible deactivation 
products in  the cyclopentadienyl phosphinimide zirconium and titanium catalyst
systems.7,10,98,99
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C-H activation products
,_________A_________
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\ l /  || H Me2
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Phosphinimide abstraction
Figure 2.18. Divergent reaction pathways o f the reaction o f TiM e2[NP(f-Bu3)2] w ith 
TMA.
The catalyst system (A r2PN(Me)PAr2)N iB r2/M AO (Figure 2.19) is also highly 
sensitive to the free TM A content in  MAO, even to the extent that addition o f 
trimethylaluminum to an ongoing polymerization inhibits further activity. The authors, 
however, did not speculate on the reason for the observed inhibition o f polymerization.100
H3C
a\  / \ / r




Figure 2.19. (A r2PN(Me)PAr2)N iB r2.
The counterion can also affect the molecular weight o f the polymer by altering the 
ratio o f the rate o f propagation to chain transfer.88 For example, Marks and co-workers
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 2 - Background 24
reported that ethylene polymerization experiments performed using
[Cp2ZrM e]+[MeB(C 6F5)3 ]~ and [Cp2ZrM e]+[B(C 6F5)4]~ produced polymers w ith M , 
values o f 124,000 and 987,000 g/mol, respectively.101 In a subsequent computational 
study, N ifant’ev and co-workers attributed this to be a result o f a smaller energy 
difference between the transition state energies o f propagation and chain transfer via P- 
hydrogen transfer to incoming monomer for [Cp2ZrM e]+[Me(B(C 6F5)3 ]~, relative to that
j o  i
for [Cp2ZrMe] [B(C6F5)4]7  Sim ilarly, Bochmann and co-workers reported a 10-fold
increase in polypropylene M w using the activators [Ph3C]+[CN(B(C 6F5)3)2]_ and 
[Ph3C]+[B(C6F5)4 ]"  relative to B(C6F5)3 for propylene polymerization experiments using 
the constrained geometry catalyst, (Me2 Si(Me4C5)(Nf-Bu)TiR.2).90
In the case o f M AO, chain-transfer to aluminum is one o f the most common chain 
transfer mechanisms in transition-metal catalyzed olefin polymerizations, and this also 
influences the molecular weight distribution. In 1-hexene polymerizations w ith the 
diamide catalysts, [ArN(CH 2)3N A r]T iX 2 (A r = 2,6-/-Pr2CeH3, 2,6-Me2CeH3), chain
transfer to aluminum was suggested by McConville and co-workers to be the major chain
7c
transfer mechanism when MAO was used as the co-catalyst. This conclusion was based 
on the inab ility to observe olefinic resonances in the proton or carbon NM R spectra o f the 
resulting polymers.75 M odifying the polymerization method by employing B(C 6F5)3  as an 
activator resulted in  a liv ing  catalyst system that produced high molecular weight 
polymer w ith a narrow molecular weight distribution.74
2.6.5 Influence of the Ligand Design on Polymerization Activity and 
Polymer Molecular Weight
In addition to modifying the co-catalyst, the activity o f a system can be enhanced 
by altering the electronic or steric environment o f a catalyst through changes in the ligand 
structure.30,35’91,102,103
Previous experimental work has demonstrated that electron donating substituents 
can increase polymerization activity in Group 4 polymerization catalyst systems,
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including zirconocenes,30,102,103 constrained geometry catalysts104 and phosphinimide- 
based catalyst systems (Figure 2.20).13
2.25
R = H, CH3, OCH3, Cl
hi,.




R = H, CH3 ,OCH3,F
/ Ti- ch3
2.18
R = CF3, F, H, CH3, OCH3
Figure 2.20. Examples o f catalysts influenced by the electronic properties o f ancillary 
ligand substituents.
In the case o f metallocenes, two main explanations for the increase in 
polymerization activity upon addition o f electron donating groups to the ancillary ligands 
have been proposed:
• Electron donating groups reduce the a ffin ity o f the counterion to bind tightly to the 
metal center, thereby making it easier for the olefin to coordinate and participate in
i mthe polymerization process.
• Electron donating groups weaken the M -R bond, thus allowing easier insertion o f the 
coordinated olefin.30,103
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The firs t proposal is supported by recent computational investigations o f Group 4 
metallocene, constrained geometry, phosphinimide, and ketimide polymerization
77  8 ^  87
catalysts systems that included the counterion in  the calculations. ! ’ These studies
77  8 ^  87indicated olefin complexation occurs w ith displacement o f the counterion. ’ ’ Another 
study found that displacement o f the counterion is more d ifficu lt for increasingly 
electropositive metal centers, therefore electron donating groups could increase the
• • 8S 8ftpolymerization rate by decreasing the ion pair separation energy. ’
One notable exception to the rule that electron donating groups increase 
polymerization activity is observed by examining the polymerization activities o f 
titanium FI catalysts. In this catalyst fam ily, addition o f electron-withdrawing groups 
such as F or CF3 at the R 1 position (Figure 2.21) dramatically increases polymerization 
activity. The authors attributed the enhanced activity to increased electrophilicity o f the 
active T i species. 19 In contrast to T i, for the case o f Zr, replacing H and Ph for more 
electron donating groups OMe and Cy in the R2 and R3 positions, respectively, (Figure
2.21) increases polymerization activity at 75°C. This was attributed to increased metal 
ligand bond strength, and thus improved thermal stability, lim iting  loss o f the ligands. 19
2.28
R 1 = F, CF3
2.29
R2  = H, OMe 
R3  = Ph, Cy 
R4  = t-Bu
Figure 2.21. Influence o f the electronic and steric properties o f the ligands on FI catalyst 
activity.
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The size and shape o f the ligand has been used to influence the polymerization 
process in a number o f catalyst systems such as metallocenes,35 FI catalysts19 and Group 
4 Cp-phosphinimide complexes.5,13 Explanations for the addition o f steric bulk to the 
ligands to improve catalytic performance has typically focused on two possible reasons. 
The firs t suggestion is that more steric bulk increases separation between the cation and 
the anion. For example, in  metallocene/MAO systems, bulky ligands were suspected o f 
increasing polymerization activity by increasing the distance between the cation and 
anion.35 A lternatively, relationships between increased steric bulk and enhanced 
polymerization activity have been attributed to increased catalyst lifetimes. For example, 
in  titanium Cp-phosphinimide/MAO systems, steric congestion provided by the 
phosphinimide ligand was proposed to preclude deactivation pathways. In addition, 
there are also examples in  which increased steric bulk has been proposed to enhance 
activity o f a particular catalyst due to both o f the above reasons. For example, in the case 
o f zirconium FI catalysts, steric bulk at the R4 position (Figure 2.21) increases activity. 
This was proposed to be the result o f steric protection o f the oxygen atom from 
coordination o f Lewis acids which could result in  catalyst deactivation, or by increased 
separation o f the ion pair, or both.19
Polymer molecular weights can also be dramatically affected by the steric bulk o f 
the ligands. For example, in  N i catalysts w ith a-diim ine ligands and Fe catalysts bearing 
2,6-&A(im ino)pyridyl ligands, the use o f 2,6-(/-Pr)2C6H3 substituents resulted in very 
high activity polymerization catalysts,50,54,56 while less bulky groups such as Ph for N i105 
or 2,-MeCgH4 for Fe53 resulted in  very high activity oligomerization catalysts (Figure
2.22). In  these cases, the bulkier ligands were proposed to lim it P-hydrogen transfer to the
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/ X
2.30
R1 = H = Oligomers 
R1 = i-Pr = Polymers
Fe'
2.31
R2 = H, R3 = Me = Oligomers 
R2 = R3 = /-Pr = Polymers
Figure 2.22. Switching from  a polymerization catalyst to an oligomerization catalyst by 
modifying the steric bulk o f the ligand.
2.7 Scope of This Work
It is apparent that polymerization conditions and the co-catalyst dramatically 
influence polymerization activity. However, w ithout an appropriate pre-catalyst, these 
factors are irrelevant. Thus, in this thesis, the target was to develop new, highly active 
ethylene polymerization catalysts based on the titanium  Cp-phosphinimide framework. 
This is due to the fact that related complexes using the [Z-Bu3PN]~ ligand have proven to 
be very high activity catalysts under a range o f conditions . 5,13 To achieve this goal, a 
combination o f synthetic, computational, and polymerization testing efforts have been 
employed to determine the optimal steric and electronic properties o f the phosphinimide 
ligand, and to elucidate the mechanism by which these factors affect the polymerization 
process.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
Chapter 3 Ethylene Polymerization Using the Buchi 
Reactor
3.1 Introduction
Traditionally, developing olefin polymerization catalysts has been an iterative 
tria l and error process o f catalyst design, synthesis and subsequent evaluation.19 The first 
step is to design a catalyst system for a desired purpose, such as the incorporation o f 
comonomers,4 the preparation o f polymers w ith specific stereochemistry36,37 or the 
preparation o f polymers w ith  narrow molecular weight distributions.106 Regardless o f 
other catalyst properties, high catalyst activity is always a desirable tra it.19,35
The polymerization testing process is a key step in evaluating the catalyst. Since 
the testing conditions can significantly influence the activity3,49 and molecular weight 
distribution,74,75 the protocol is crucial because subsequent catalyst designs are based on 
the polymerization results. As discussed previously (Chapter 2), in  addition to the choice 
o f co-catalyst,82,90 catalyst activities are sensitive to testing conditions, such as reactor 
size, choice o f solvent, quality o f stirring, temperature, pressure and reaction time.3 A  
striking illustration o f the variability o f catalyst activity to polymerization conditions is 
the range o f activity values tabulated in the 1994 review by Mohring and Coville for the 
standard Cp2ZrC l2/M AO  catalyst system which span four orders o f magnitude (0.43- 
3648.8 x 103 g PE mmol-1 hr-1).30
Despite the apparent d ifficulties in  comparing results between research groups, 
comparing relative catalytic activities obtained from well-controlled polymerization 
experiments can lead to improved catalyst designs. For example, A lt, Koppl and co­
workers synthesized and tested over 650 metallocene and related half-sandwich
o r
complexes in  their laboratories, while Fujita and co-workers have synthesized and 
tested numerous variations o f T i and Zr FI catalysts.19,76,107,108 Broad studies like this 
allow the catalyst structure to be compared to polymerization activity and polymer
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microstructure, and ultim ately lead to improved catalyst design.19,35,76,107,108 The aim o f 
this chapter is to describe a reliable method for measuring the polymerization activity o f 
potential catalysts u tiliz ing  the Buchi polymerization reactor. In  addition, the influence 
that certain variables, such as catalyst concentration, have on the polymerization activity 
w ill be discussed. The polymerization testing methods described in this chapter have 
been used in this thesis to evaluate how catalyst structure affects polymerization activity, 
providing valuable information for new catalyst design.
3.2 Experimental
3.2.1 General Considerations
A ll preparations were performed employing an atmosphere o f dry, oxygen-free 
nitrogen, u tiliz ing  standard inert atmosphere techniques.
3.2.2 Solvents
Anhydrous hexanes and toluene were purchased from A ldrich Chemical Co., and 
were purified w ith  Grubbs’ -type column systems109 manufactured by Innovative 
Technology or in-house by the University o f Windsor Physics Machine Shop.
3.2.3 Reagents
CpiZrCb was purchased from Strem Chemical Co.; MeOH was purchased from A ldrich 
Chemical Co.; HC1 was purchased from EM Science; a ll were used as received. Ethylene 
was purchased from  Matheson Gas Co., and was dried over Q5 copper deoxygenation 
material and 3A  molecular sieves. BfCeFsA, [Ph3C]+[B(C 6F5)4 ]“ , Al(z-Bu ) 3  (referred to as 
T/BA1 throughout this thesis), and MAO were generously donated by Nova Chemicals
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Corp. and were used w ithout further purification. CpTiCl[0-2,6-(/-Pr)2C6H3][NP(7-Bu)3] 
(3.1),13 Cp*TiM e2[NP(i-Pr)3] (3.5),13 CpTiMe2[NP(f-Bu)3] (3.7),5 and Cp*TiM e2[NP(f- 
Bu)3] (3.8),13 were prepared via literature methods. Cp2ZrMe2 (3.6) was prepared via a 
modification o f a literature method.110 Cp*TiM e2[NP(N(Et)(Ph))3] (6.44) was prepared as 
described in Section 6.2.6. CpTiMe2[NP(/-Bu)2(2-BiPhen)] (3.2) was provided by Dr. J. 
Kickham and Dr. T. Graham, (Stephan research group) and was used as received. 
Cp*TiMe2[NP(/-Bu)2(2-BiPhen)] (3.3) and CpTi(CH2)4 [NP(/1-Bu)3] (3.4) were provided 
by Dr. T. Graham and were also used as received.
3.3 Buchi Polymerization Reaction Procedure
Appendix A describes the components o f the Buchi polymerization reactor. In 
this section, a b rie f description o f the procedure for conducting a polymerization 
experiment w ith the Buchi reactor is reported. A  much more detailed step-by-step 
Standard Operating Procedure has been included on CD as Appendix B.
3.3.1 Reactor Cleaning and Assembly
Thorough reactor cleaning is critical to ensure consistent results using the Buchi 
reactor. Early transition metal catalysts are susceptible to poisoning by heteroatoms such 
as oxygen, nitrogen and sulfur;52 therefore, precautions must be taken to exclude water, 
oxygen and other contaminants from the reactor vessel.
Before assembly o f the reactor body, residual polymer was manually removed; 
the components were rinsed w ith anhydrous hexanes, and dried w ith  a nitrogen purge. 
Following assembly, the reaction vessel was heated to 50 °C, and the reaction vessel, 
solvent storage unit and connecting piping were evacuated using the vacuum system for a 
minimum o f 2 hours. A fter the evacuation cycle was complete, the reactor body, solvent 
storage vessel and connecting piping were refilled w ith  nitrogen through 10 
refill/evacuation cycles.
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3.3.2 Solvent Transfer to the Reactor
Approximately 700 mL o f toluene were transferred to the solvent storage vessel 
from the purification columns by differential pressure. The toluene was purged w ith dry 
nitrogen for 20 minutes. During this time the temperature o f the heating bath was 
adjusted to 30 °C. A fter purging o f the solvent, 600 mL o f toluene were transferred from 
the solvent storage vessel into the reactor body using differential pressure. A fter solvent 
transfer, the solvent was stirred at 1000 RPM and saturated w ith 2 atm o f ethylene via 
four vent/refill cycles. Immediately after, stock solutions o f the pre-catalyst and co­
catalyst and, i f  applicable, T/BA1 scrubber, were prepared in  the glove box as toluene 
solutions (Section 3.3.3). Once the temperature o f the solvent reached 30 °C +/- 2 °C, and 
the ethylene flow  meter read 0.000 standard liters per minute (SLM), the reactor was 
ready for the addition o f the pre-catalyst, co-catalyst and scrubber.
3.3.3 Catalyst and Co-catalyst Preparation
The pre-catalyst, co-catalyst and scrubber stock solutions were freshly prepared 
and loaded into syringes in  a glovebox, then transferred to the reactor immediately before 
injection to lim it the possibility o f catalyst decomposition. An example polymerization 
experiment using Cp2ZrMe2 as the catalyst, B(C6F5)3 as the co-catalyst, and T/'BAl as the 
scrubber w ill be used to describe how the stock solutions are prepared.
Catalyst Solution: Cp2ZrMe2 (0.015 g, 0.060 mmol) was weighed into a vial. 
Toluene (17.21 g, 19.90 mL) was added to form a clear, colourless solution (3.0 mmol 
Cp2ZrMe2 /L). 2.0 mL (0.0060 mmol Cp2ZrMe2) o f the solution was transferred to a 
syringe for injection into the reactor.
Co-Catalyst Solution: B ^ F s L  (0.020 g, 0.039 mmol) was weighed into a vial. 
Toluene (11.26 g, 13.02 mL) was added to form a clear, colourless solution (3.0 mmol 
B(C6F5)3/L). 4.0 mL (0.0120 mmol B(C6F5)3 , 2 equivalents) o f the solution was 
transferred to a syringe for injection into the reactor.
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Scrubber Solution: 0.50 mL o f a 25.2 weight % solution o f Tz'BAl in heptanes 
(density 0.710 g/mL, 0.45 mmol Al(z'-Bu)3) was added to toluene (4.88 g, 5.64 mL) to 
produce a clear, colourless solution (73.5 mmol Al(z'-Bu)3/L  ). 2.0 mL (0.147 mmol, 24.5 
equivalents) o f the solution was transferred to a syringe for injection into the reactor.
3.3.4 Catalyst Injection
The injection sequence varied depending on the type o f co-catalyst. The two 
commonly employed methods in our laboratory involve the use o f M AO as both the co­
catalyst and solvent scrubber, or the use o f BICgFsL or [Ph3C]+[B(C 6F5)4 ]~ as the co­
catalyst and Tz'BAl as the solvent scrubber. In both cases, the catalyst injection port was 
purged w ith nitrogen for 20 minutes prior to addition o f the reagents to the reaction 
vessel.
Injection Sequence #1; MAO Activation: A  solution o f M AO (25 mmol, 500 
equiv.) in  toluene (8.0 mL) was injected into the reaction vessel through the catalyst 
injection inlet. The M AO was stirred for 5 minutes, then a solution o f the dichloride 
precursor, (for example CpiZrCL (0.050 mmol, 1 equiv.) in toluene (4.0 mL)) was 
injected into the reactor vessel through the catalyst injection inlet.
Injection Sequence #2; BICeFsb or [Ph3C]+[B(C 6F5)4]_ activation: A  solution o f 
Tz'BAl (0.147 mmol, 24.5 equiv.) in toluene (2.0 mL) was injected into the reaction vessel 
through the catalyst injection inlet. The Tz'BAl solution was stirred for 5 minutes, then a 
solution o f the dimethyl precursor, for example, Cp2ZrMe2 (0.0060 mmol, 1 equiv.) in 
toluene (2.0 m L), was injected into the reaction vessel through the catalyst injection inlet. 
Immediately after, a solution o f B(C 6Fs)3  (0.0120 mmol, 2 equiv.) in  toluene (4.0 mL) 
was injected into the reactor body through the catalyst injection inlet.
3.3.5 Data Acquisition and Polymerization Shut Down
Follow ing injection o f the catalyst and co-catalyst, the mixture was stirred at 1000 
RPM at 30 °C w ith  2 atm ethylene for 10 minutes. The temperature and ethylene flow
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rate were recorded manually at regular intervals. A fter 10 minutes, the polymerization 
was stopped by closing the ethylene inlet valve and venting the reactor. The remaining 
solvent was transferred to the reactor vessel from the solvent storage vessel, the stirring 
was stopped, and the reactor was disassembled.
3.3.6 Polymer Collection and Treatment
The contents o f the reactor were emptied into a 4 L  beaker containing 
approximately 200 mL o f 10% HC1 (v/v) in MeOH. The polymer that precipitated was 
collected by filtra tion, washed w ith water and acetone, and dried to a constant weight. 
Polymerization activity was calculated according to Equation 3.1:
i • • polymer massig) 7 -i / i  i \Activity-------------------------------  r---- ----------------------------= g mmol hr atm (3.1)
amount o f catalyst (mmol) x time (hr) x pressure (atm)
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3.4 Results and Discussion
In this section, polymerization activities are discussed in terms o f their 
reproducibility to assess the Buchi reactor polymerization testing method. In addition, 
since the polymerization activity o f any given pre-catalyst is affected by several reaction 
conditions variables as listed previously, experiments designed to illustrate how reaction 
conditions influence the polymerization activities w ill be discussed.
3.4.1 Reproducibility of Polymerization Experiments Conducted with 
the Buchi Reactor
After the Buchi polymerization reactor was assembled, the firs t p rio rity was to 
develop a procedure which could generate reproducible ethylene polymerization activity 
measurements. In essence, the aim was to have duplicate polymerizations result in the 
same activity value, w ith in  the random experimental error111 associated w ith  determining 
the catalyst activity. The polymerization activity can be influenced by factors that are 
d ifficu lt to quantify such as catalyst poisoning, polymer precipitation, or incomplete 
conversion o f the pre-catalyst to the active species. However, the measurements involved 
w ith the activity calculation; namely the polymer mass, mmol o f catalyst, polymerization 
time, and ethylene pressure, have associated random errors111 that can be estimated in a 
quantitative fashion. Therefore, it  is possible to estimate the uncertainty in the 
polymerization activity based on the random errors.111
111 A sample calculation o f the random error associated with the polymerization activity measurement is 
provided in Appendix C.
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Figure 3.1. Catalysts tested to check reproducibility o f the Buchi reactor polymerization 
testing method.
The reproducibility o f the polymerization method currently employed was 
evaluated by examining the polymerization activity o f the catalysts tested w ith the Buchi 
reactor. Pre-catalysts 3.1-3.5 (Figure 3.1) were synthesized as part o f ongoing efforts by 
the Stephan group to develop new ethylene polymerization catalysts based on titanium 
phosphinimide complexes.™’5,13 The activities o f pre-catalysts 3.1-3.5 were determined 
using three activation strategies. Catalysts 3.1 and 3.2 were tested using MAO as a co­
catalyst, catalysts 3.2 and 3.3 were tested using [Ph3C]+[B(C 6F5)4 ]~ as an activator, while 
catalysts 3.4 and 3.5 were tested using BfCfTsT as a co-catalyst. To test reproducibility, 
the polymerization experiments were conducted in duplicate, and the percent difference 
between the polymerization activities o f the two trials was calculated using Equation 
3.2:
IV Pre-catalysts 3.2-3.4 were prepared by Dr. J. Kickham and Dr. T. Graham; the syntheses are currently 
being prepared for publication.
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% Difference =
| Activitymam -  Activity;T ria l#!
Average Activity
x 1 0 0 (3.2)
Table 3.1. Comparison o f duplicate polymerization experimentsa for pre-catalysts 3.1-3.5 









3.1° 2 0 1390(100) 6 . 8 2 . 6
3.1° 2 0 1420(100) 6 . 8
3.2° 1 0 0 45.6(1.7) .. 2 . 1
^ , i , , :'r 3 .2 T : 1 0 0 46.6(1.7) ' f : " - X -
3.2d
1 0 1290(90) 6.9 4.5
3.2d 1 0 1230(90) 6.9
frb 1 0 2940(200) 6.7 1 . 1
3.3d 1 0 2910(190) 6.7
3.4e 1 0 3340(240) 7.1 5.0
3.4e 1 0 3510(250) 7.1
3.5° 1 0 1840(140) T :7;5:;::. ii37:-::
3.5e 1 0 1400(100) C . C f C i M
Average 7.1%
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM.
b Activity (absolute uncertainty) (see Appendix C).
0 MAO activation: 500 equivalents MAO, 30 minute reaction.
d [Ph3C]+[B(C6F5)4]~ activation: 2  equivalents [Ph3C]+[B(C6F5)4]“ 20 equivalents T/BA1, 1 0  minute reaction 
e B(C6F5) 3 activation:, 2 equivalents B(C6F5)3, 20 equivalents T/BA1, 10 minute reaction.
The differences between the two trials for catalysts 3.1 and 3.2 using M AO as the 
activator were 2.6% and 2.1%, respectively (Table 3.1). These differences are below the 
sum o f the relative uncertainties o f the individual polymerization experiments; hence, this 
is excellent reproducibility. Catalysts 3.2 and 3.3 were tested using [Ph3C]+[B(C 6F5)4]~ as
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a co-catalyst, and the differences between the two trials were only 4.5% and 1.1%, 
respectively, which is also extremely good reproducibility. However, catalysts 3.4 and 
3.5 were tested using B(C 6Fs)3  as the co-catalyst, and while the difference between the 
two trials for catalyst 3.4 was only 5.0%, for catalyst 3.5, the difference was 27%. Since, 
a 27% difference between trials 1 and 2 for catalyst 3.5 is greater than the sum o f the 
relative errors o f the individual trials (15.0%), this is a significant variation in 
polymerization activity. Overall, 5 o f the 6 duplicate polymerization experiments resulted 
in reproducibility w ell below random experimental error. This indicates that 
polymerization testing using the B iich i polymerization reactor is generally a reliable 
method to determine reproducible polymerization activities.
Despite the general effectiveness o f the B iichi reactor, a 27% difference between 
trials 1 and 2 for catalyst 3.5 is a significant variation in  polymerization activity, 
especially when the goal o f pre-catalyst testing is to determine how changes in 
polymerization activity are related to catalyst structure and polymerization conditions. 
Thus, these trials illustrate that performing the polymerization experiment multiple times 
while employing the same experimental conditions helps to ensure that the 
polymerization activities are reproducible.
Complicating Factors of Comparing Catalyst Activity
In the previous section, the re liab ility o f the B iichi reactor was discussed and 
typically good reproducibility o f the polymerization activities were achieved i f  the 
polymerization experiments were performed using identical conditions. However, despite 
this re liability, i f  the B iichi polymerization reactor is modified in any way, the 
polymerization activities may be influenced. For example, the molecular sieves and 
deoxygenation catalyst in  the ethylene purification column were changed when a 
dampened ethylene flow  was observed. This modification allowed ethylene to flow  
through the column more readily, resulting in faster saturation o f the solvent prior to the 
polymerization reactions. The increase in ethylene flow  also became apparent by 
observing the pressure o f the ethylene throughout the polymerization: before exchanging
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the column contents, the pressure in the reactor vessel often dropped from 2 atm to less 
than 1.6 atm during polymerization experiments involving highly active catalysts. 
However, after the column change, the pressure did not drop below the in itia l starting 
pressure, even during polymerizations using very high activity catalyst systems.
Figure 3.2. Very high activity pre-catalysts tested before and after the ethylene 
purification column was regenerated.
In order to evaluate i f  regenerating the purification column altered the 
polymerization activity, the very high activity catalysts 3.6, 3.7 and 6.44 (Figure 3.2) 
were re-tested using the same polymerization conditions employed prior to the column 
change. Very high activity catalysts were chosen since they consume ethylene rapidly 
and therefore, are more sensitive to the availability o f ethylene. The increase in the 
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Table 3.2. Comparison o f polymerization testinga o f very high activity catalysts 3.6, 3.7 
and 6.44 before and after the ethylene purification column was regenerated.
Catalyst Column Status Activityb 




(g mmol- 1  hr- 1  
atm-1)
% Increase
3.6 Befored 3300(280) 3460(230)
3.6 Befored 3630(310)
3.6 After6 6600(560) 6540(80) 89%
3.6 After0 6490(550)
3.7 Befored 2920(220) 2900(30)
3.7 Befored 2880(210)
3.7 After0 4770(350/ 5510(1050/ 90%
3.7 After0 6250(460)
6.44 Befored 2460(190) 2270(270)
6.44 Before*1 2080(160)
6.44 After0 2620(160/ 2690(100/ 19%
6.44 After0 2760(170/
Average 63%
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, [catalyst] = 10 pmol/L, 2 equiv. B(C6F5)3, 20 equiv. T/BA1, 10 minute reaction. 
b Activity (absolute uncertainty) (see Appendix C).
c Activity (standard deviation), where standard deviation was estimated from the range (see Appendix 
D).112
d Trial conducted prior to column regeneration.
0 Trial conducted after column regeneration. 
f Mixing was impaired by swollen polymer.
For a ll three catalysts, there was an increase in polymerization activity after the 
ethylene purification column was changed (Table 3.2), w ith the greatest increase 
observed for catalysts 3.6 and 3.7. However, during both polymerization trials using pre­
catalyst 6.44, large formations o f swollen polymer prevented the m ixture from stirring
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properly. This like ly  resulted in slower diffusion o f ethylene into the solvent, which may 
contribute to the smaller increase in  activity that was observed for pre-catalyst 6.44 
relative to pre-catalysts 3.6 and 3.7. Another potential explanation is a shorter lifetim e for 
pre-catalyst 6.44, relative to 3.6 or 3.7.
In these polymerization experiments, the concentrations o f the pre-catalyst, 
B(CeF5 )3  and Tz'BAl, the volume o f toluene, the temperature, the in itia l ethylene pressure, 
the stir rate and the reaction time were held constant. Since these polymerization 
variables were the same before and after the column change, the changes in activity are 
like ly due to a combination o f two factors. The firs t factor is the ab ility o f the recharged 
column to maintain the in itia l ethylene pressure, thus resulting in  an increase o f the 
steady state concentration o f ethylene in  solution and subsequently, an increase in the 
polymerization rate. The second factor could be an improved ab ility o f the column to 
remove oxygen and water from  the ethylene source, which would effectively reduce the 
rate o f catalyst decomposition caused by impurities in the ethylene feedstock.
Regardless o f the relative contribution o f the factors in  increasing the 
polymerization activities for pre-catalysts 3.6, 3.7 and 6.44, it  is apparent that activities 
may vary significantly, depending on whether the polymerization was conducted before 
or after the change o f the column contents. These results simply highlight the need to 
exercise caution when comparing catalyst activities, as changes in the polymerization 
equipment can also influence the results. One precaution is to compare polymerization 
activities to the results obtained from common standard catalyst systems such as 
Cp2ZrC li/M A O  or Cp2ZrMe2/B(C 6F5 )3  under the same conditions.3 In addition, it is 
beneficial to conduct a series o f experiments designed to identify relationships between 
catalyst structure or reaction conditions w ith polymerization activity in  the same time 
period.91
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3.4.2 Influence of the Activator on Polymerization Experiments 
Conducted with the Biichi Reactor
One o f the factors that can be very influential in  polymerization activity is the
QA QA
choice o f co-catalyst. ’ The most common activating agents include MAO and the 
discrete activators [Ph3C]+[B(C 6Fs)4]~, [HNMe2Ph]+[B(C 6Fs)4 ]_ and BfCgFs^. Recently, 
some Group 4 phosphinimide pre-catalysts have demonstrated excellent ethylene 
polymerization activities; however, an appropriate choice o f co-catalyst has been critical 
to maximize the polymerization activity. ’ ’ ’ The activators [PI13C] [B(C 6F5)4 ]“  and 
BfCgFs^ have been especially effective for generating very high activity Group 4 
phosphinimide catalysts, 5 ,6 ,13,97 therefore these reagents were used as co-catalysts w ith the 
pre-catalysts 3.6, 3.7 and 3.8 (Figure 3.3).
&
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Figure 3.3. Very high activity catalysts employed to evaluate the influence o f 
[Ph3C]+[B(C 6F5)4]_ and B(C 6Fs) 3  on polymerization activity.
The polymerization experiments were conducted using the B iich i polymerization 
reactor to determine how the co-catalyst influences the polymerization activity (Table 
3.3).
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Table 3.3. Comparison o f polymerization testing3 o f very high activity catalysts 3.6, 3.7 
and 3.8 w ith [Ph3C]+[B(C 6F5)4]-  and B(C6F5)3 as co-catalysts.b
Catalyst Co-catalyst Activityc 




(g mmol-1 hr-1  
atm-1)
% Difference
3.6 B(C6F5)3 6600(560) 6450(80) 1.8
3.6 B(C6F5)3 6490(550)
3.6 [Ph3C]+[B(C6F5)4]- 5990(510) 4960(1460)e 41
3.6 [Ph3C]+[B(C6F5)4]- 3930(340)e
3.7 B(C6F5)3 4770(350)e 5510(1050)e 27
3.7 B(C6F5)3 6250(460)
3.7 [Ph3C]'[B(C6F5)4]- 3490(260)e 3390(150)e 6.2
[Ph3C]'[B(C6F5)4]- 3280(240)e
3.8 B(C6F5)3 3970(260) 3880(130) 4.6
3.8 B(C6F5)3 3790(250)
3.8 [Ph3C]+[B(C6F5)4]- 4690(310) 3650(1480)e
3.8 [Ph3C]+[B(C6F5)4]- 2610(170)e
Average 23%
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, [catalyst] = 10 pmol/L, 2 equiv. B(C6F5) 3 or [Ph3C]+[B(C6Fj)4T, 20 equiv. T/BAI, 10
minute reaction.
b A ll polymerizations were conducted after the ethylene column was regenerated. 
c Activity (absolute uncertainty) (see Appendix C).
d Activity (standard deviation), where standard deviation was estimated from the range (see Appendix 
D).112
e Mixing was impaired by swollen polymer.
The catalyst concentration and other polymerization conditions were chosen 
based upon conditions that yielded good results for other catalysts prior to recharging the 
column. Stirring was blocked by the polyethylene produced during five o f the twelve 
polymerization experiments, attesting to the very high activity o f these pre-catalysts upon
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3 -  Biichi Reactor 44
activation by [Ph3C]+[B(C 6F5)4 ]~ or B(CeF5)3 . This like ly contributes to the large 
differences between tria ls observed for the activities o f pre-catalysts 3.6 and 3.8 upon 
activation by [P li3C]+[B(C 6F5)4 ]~, and pre-catalyst 3.7 upon activation by B(C6F5)3 . In 
these three cases, the polymerization activity is higher fo r the tria l that was mixed 
efficiently throughout the experiment. When pre-catalyst 3.7 was activated w ith 
[Ph3C]+[B(C6F5)4 ]“  both trials exhibited stirring difficulties, however, the difference 
between trials was only 6.2%. It appears that i f  both trials are stirred properly, or i f  the 
stirring is impaired at a sim ilar time during the polymerization, only small differences 
between trials result. However, i f  one tria l stirs properly, while the stirring is impaired in 
the replicate tria l, such as for the trials using pre-catalysts 3.6 and 3.8 activated w ith 
[Ph3C]+[B(C6F5)4r ,  a large difference in polymerization activities results. These 
observations indicate that consistent stirring o f the solution is critical to obtain 
reproducible polymerization results.
The average activities o f pre-catalysts 3.6, 3.7 and 3.8 are slightly higher when 
B(C6Fs) 3  is used as the co-catalyst (Table 3.3). However, due to the high activities and 
large amounts o f polymer generated by the catalysts using these polymerization 
conditions, it  is d ifficu lt to determine whether B(C 6F5)3  or [Ph3C]+[B(C 6F5)4]~ is 
producing a more active catalyst system, or i f  the increases in activity w ith B ^ F s T  are 
due to; (i) more effective stirring in  the polymerization reactor; or ( ii) increased catalyst 
lifetimes due to differences in the stability o f the ion pairs. Bochmann and co-workers 
observed sim ilar complications due to mass transport phenomena while assessing o f the 
effects o f the activators B(CeF5)3 , [Ph3C]+[B(C 6F5)4]_ and [Ph3C]+[CN(B(C6F5)3)2]~ on 
ethylene polymerization activity using the precursor (rac-Me2 Si(Ind)2)ZrMe2 .90 The 
authors suggested that a ll very highly active ethylene polymerization catalysts should be 
considered to be lim ited by mass-transport until shown otherwise.90 They also determined 
that propylene polymerization experiments using the precursor (rac-Me2 Si(Ind)2)ZrMe2 
did not suffer from the same mass transport issues due to a slower rate o f insertion. In 
these experiments, the propylene polymerization activity decreased in the order o f 
[Ph3C]+[CN(B(C 6F5)3)2r  > [Ph3C]+[B(C6F5)4 ]~ »  B(C6F5)3, which correlates well to the 
binding capacity o f the counterions.90
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3.4.3 Influence of Polymerization Conditions on Catalyst Activity for 
Cp*TiMe2[NP(N(Et)(Ph))3] (6.44)
In Chapter 6, the synthesis and polymerization testing o f a series o f titanium 
tra(amino)phosphinimide catalysts is reported. Gibson and co-workers have commented 
that “ there is no single set o f screening conditions that w ill be appropriate for all new 
catalysts” . Therefore, a series o f polymerization experiments were conducted to 
determine how the polymerization conditions affect the activity o f one o f the most active 





Figure 3.4. Cp*TiM e2[NP(N(Et)(Ph))3] (6.44).
The polymerization variables that were considered include the temperature, the 
reaction time and the concentrations o f the catalyst and the T/BA1 scrubber. A ll other 
polymerization variables were held constant fo r each set o f polymerization experiments. 
The ethylene pressure was lim ited to 2 atm for a ll polymerizations to pre-saturate the 
solvent prior to injection o f the catalyst, co-catalyst and T/BA1. In addition, 600 mL o f 
toluene was used as the solvent, and the solutions were mixed at 1000 RPM for all o f the 
polymerizations in  this section.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3 -  Buchi Reactor 46
Pre-Catalyst Concentration
The firs t variable to be modified was the concentration o f pre-catalyst 6.44. The 
catalyst concentration was sequentially lowered in an effort to reduce the amount o f 
polymer formed during the polymerization. The goal was to find a catalyst concentration 
that would not interfere w ith  the m ixing o f the solution in  order to reduce mass transport 
effects on polymerization activity, while s till maintaining good reproducibility. A t very 
low catalyst concentrations, Bochmann and co-workers observed problems w ith 
reproducibility in  polymerization testing using the precursor (rac-Me2 Si(Ind)2)ZrMe2 , 
which they attributed to the susceptibility o f very dilute stock solutions o f zirconocene 
dimethyl complexes to hydrolysis.90
The pre-catalyst concentrations tested for this series o f experiments were 10, 4, 3 
and 2 pmol/L. In these polymerizations, 2 equivalents o f B(C6Fs) 3  were used as the co­
catalyst, while the concentration o f TzBAl was held constant at 245 pm ol/L (Table 3.4).
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Table 3.4. Influence o f the concentration o f pre-catalyst 6.44 on ethylene polymerization 
activity w ith activation.a,b
Catalyst Concentration Activity* Average Activity *1
(pmol LT1) (g mmol- 1  hr- 1  atm-1) (g mmol- 1  hr- 1  atm-1)







2  ' 4100(260) 4000(890)
2 4800(300)
.. • • .............. 2  .............. ..... 3100(200)
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, 2 equiv. B(C6F5)3, [T/BA1] = 245 pmol/L, 10 minute reaction. 
b A ll polymerizations were conducted after the ethylene column was regenerated.
0 Activity (absolute uncertainty) (see Appendix C).
d Activity (standard deviation), where standard deviation was estimated from the range (see Appendix 
D).112
e Mixing was impaired by swollen polymer.
In  both trials using 10 pmol/L o f pre-catalyst 6.44, a swollen mass o f polymer 
formed and hindered stirring o f the solution approximately 2.5 minutes into the 
polymerization. Reducing the concentration o f pre-catalyst 6.44 to 4 pm ol/L did not 
prevent problems w ith  stirring. However, while the polymer obstructed the stirring in 
both trials, the obstruction did not occur as quickly when 4 pm ol/L o f pre-catalyst 6.44 
was used. Despite the stirring problems observed while using 10 and 4 pm ol/L o f pre­
catalyst 6.44, the differences between the 2 trials were only 4.6% and 0.2% respectively. 
This indicates excellent reproducibility o f the polymerization results, possibly due to the 
interference w ith the stirring occurring at approximately the same point in both trials.
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Lowering the concentration o f pre-catalyst 6.44 to 3 pm ol/L resulted in consistent stirring 
throughout the 10 minute polymerization reaction. A  further decrease in  the catalyst 
concentration to 2 pm ol/L also allowed consistent stirring; however, the estimated 
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Figure 3.5. Plot o f polymerization activity vs. catalyst concentration for polymerizations 
w ith pre-catalyst 6.44 upon activation by BlCeF.^.
Decreasing the concentration o f pre-catalyst 6.44 from 10 to 4 pm ol/L resulted in 
a significant increase in polymerization activity, suggesting the polymerization activity is 
diffusion lim ited at 10 pm ol/L (Figure 3.5). Further decreases in catalyst concentration 
to 3 or 2 pm ol/L did not result in  a corresponding increase in polymerization activity. 
Rather, the observed activity o f the pre-catalyst 6 .4 4 /B(C 6F5 )3  system was highest at a 
concentration o f 4 pm ol/L and declined slightly for concentrations o f 3 and 2 pmol/L. 
These polymerization results are consistent w ith a smaller influence o f the mass transport 
o f ethylene on the polymerization activities at pre-catalyst 6.44 concentrations o f 4 
pmol/L or less, compared to 10 pm ol/L and indicate that under these polymerization 
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TiBAl Scavenger Concentration
The concentration o f the Tz'BAl scavenger was the next factor that was varied. 
The aim was to determine whether the concentration o f the Tz'BAl scavenger affects the 
activity o f pre-catalyst 6.44 when B(C6F5)3  is used as an activator. Polymerizations were 
conducted w ithout Tz'BAl as a scavenger, and w ith a large excess o f Tz'BAl at a 
concentration o f 1000 pmol/L. A  concentration o f pre-catalyst 6.44 o f 2 pm ol/L was 
employed, since stirring o f the reactor was not impaired at this concentration. The 
polymerizations were conducted in an otherwise identical manner as described in  the 
previous section (Table 3.5).
Table 3.5. Influence o f Tz'BAl concentration on ethylene polymerization activity o f pre­




(g mmol1 hr-1 atm-1)
Average Activity1 
(g mmol-1 hr-1 atm-1)






a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, [pre-catalyst 6.44] = 2 pmol/L, 2 equiv. B(C6F5)3, 10 minute reaction. 
b A ll polymerizations were conducted after the ethylene column was regenerated. 
c Activity (absolute uncertainty) (see Appendix C).
d Activity (standard deviation), where standard deviation was estimated from the range (see Appendix 
D).112
e No polymer was isolated.
A  single polymerization experiment was conducted w ithout Tz'BAl as a scavenger. 
No polymer was isolated from the reaction; therefore, a second tria l was not conducted. 
The fact that no polymer was formed is most like ly due to catalyst decomposition, since
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Group 4 dialkyls are susceptible to hydrolysis90 by impurities often found in the ethylene 
feedstock or solvent. This result indicates that scavengers such as Tz'BAl are required for 
testing catalysts that are sensitive to water or other impurities at low  catalyst 
concentrations.
Two trials were conducted using a Tz'BAl concentration o f 1000 pmol/L. This 
corresponds to 500 equivalents o f Tz'BAl per mol o f pre-catalyst. The average activity 
was 950 g mmol- 1  hr- 1  atnT1, which is 4 times lower than the polymerization activity 
when 122 equivalents o f Tz'BAl were used (Figure 3.6). The decrease in activity may be 
due to an increase in catalyst decomposition upon reaction o f the catalyst w ith Tz'BAl. 
Previous work in  the Stephan group8,96,98,99 has demonstrated that select titanium and 
zirconium phosphinimide complexes react w ith trimethylaluminum to form  products that 
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Figure 3.6. Polymerization activity vs. Tz'BAl concentration.
These results indicate that Tz'BAl is required to remove impurities from the reactor 
at low  concentrations o f pre-catalyst 6.44. However, too much Tz'BAl is detrimental to the 
polymerization activity. This is another example o f how important reaction conditions are 
for determining polymerization activities.
♦
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Temperature
To evaluate the influence o f temperature on the activity o f pre-catalyst 6.44 upon 
activation by BfCeFs^, additional polymerization experiments were conducted at 50 °C 
and 70 °C (Table 3.6). For this set o f experiments, the concentration o f pre-catalyst 6.44 
was 3 prnol/L, while the other polymerization variables were identical to previous trials 
conducted at this catalyst concentration.
Table 3.6. Influence o f temperature on ethylene polymerization activity o f pre-catalyst 




(g mmol-1 hr-1 atm-1)
Average Activity*1 








a Polymerization conditions: Ethylene Pressure = 2 atm, Solvent = 600 mL toluene, Stir rate = 1000 RPM, 
[pre-catalyst 6.44] = 3 pmol/L, 2 equiv. B(C6F5)3 , [T/BA1] = 245 pmol/L, 10 minute reaction. 
b A ll polymerizations were conducted after the ethylene column was regenerated. 
c Activity (absolute uncertainty) (see Appendix C).
d Activity (standard deviation), where standard deviation was estimated from the range (see Appendix 
D).112
Increasing the temperature from 30 °C to 50 °C resulted in  a slight increase in 
polymerization activity. This result is consistent w ith a higher rate o f propagation upon 
increased temperature, as is expected for any reaction w ith an activation barrier.1 
However, a further increase to 70 °C resulted in a slight decline in  catalyst activity 
(Figure 3.7).
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Figure 3.7. Polymerization activity w. temperature.
In other catalyst systems, such as the zirconium FI catalysts, a decrease in activity 
at higher temperatures has been attributed to catalyst decomposition.19 The results 
reported above are consistent w ith catalyst deactivation, thereby offering a reasonable 
explanation for the decrease in catalytic activity at 70 °C. The previous section indicated 
that an excess o f Tz'BAl was detrimental to polymerization activity for pre-catalyst 6.44, 
also like ly due to catalyst deactivation pathways. Thus, it  is possible that the elevated 
temperatures increase the rate o f catalyst decomposition pathways associated w ith Tz'BAl. 
However, there is also the possibility o f intramolecular deactivation processes or 
entrapment o f the active species in  the polymer; therefore, the mechanism o f deactivation 
remains unclear, since any combination o f these factors could account fo r the observed 
results.
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Figure 3.8. Ethylene flow  vs. time fo r ethylene polymerization experiments using pre­
catalyst 6.44 and B(C6F5)3 .
Ethylene flow  profiles o f the polymerization experiments also support catalyst 
deactivation, although they do not provide information on what is causing the 
deactivation to occur (F igure 3.8). A t 70 °C, the ethylene flow  increases sharply upon 
addition o f the B(C 6F5 )3  co-catalyst to 2.000 standard liters o f ethylene per minute (SLM) 
(the maximum reading o f the flow  meter), indicating a high rate o f ethylene insertion. 
Since the solution is pre-saturated w ith ethylene, this ethylene consumption is due to 
polymer formation. However, the ethylene flow  drops to below 0.010 SLM w ith in  1 
minute, indicating that the polymerization rate has been drastically reduced in  a short 
period o f time. This flow  profile is consistent w ith a high rate o f ethylene insertion and a 
high rate o f catalyst deactivation, possibly due to catalyst decomposition and/or 
entrapment o f the active species in  the polymer.
A t 30 °C and 50 °C, the ethylene flow  does not reach the same maximum flow  as 
at 70 °C, which is consistent w ith a slower ethylene insertion rate at lower temperature. 
However, the ethylene flow  remains above 0.010 SLM for a slightly longer period o f 
time, which is consistent w ith a slower rate o f catalyst deactivation at lower temperatures. 
Thus, it  is like ly that the slower deactivation rates at lower temperature under these 
polymerization conditions contribute to the higher polymerization activity observed at 30 
°C and 50 °C.
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Reaction Time
To identify the influence o f reaction time on the polymerization activity, 
polymerizations were conducted for 5 minute intervals, in  contrast to the other 
polymerization experiments which were performed over 10 minute intervals. These trials 
were conducted at a reaction temperature o f 30 °C, and all other variables were identical 
to the polymerizations described in the previous section (Table 3.7).
Table 3.7. Influence o f the reaction time on the ethylene polymerization activity o f pre­
catalyst 6.44 w ith  B(C 6Fs) 3  activation.a,b
Time Activity0 Average Activityd
(min) (g mmol- 1  hr- 1  atm-1) (g mmol- 1  hr- 1  atm-1)
5 6470(400) 5530(1320)
5 4600(310)
1 0 4070(220) 3970(330)
1 0 3600(190)
1 0 4230(220)
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, [pre-catalyst 6.44] = 3 pmol/L, 2 equiv. B(C6F5)3, [Tz'BAl] = 245 pmol/L.
b A ll polymerizations were conducted after the ethylene column was regenerated. 
c Activity (absolute uncertainty) (see Appendix C).
d Activity (standard deviation), where standard deviation was estimated from the range (see Appendix 
D )."2
These experiments indicate that the polymerization activity is higher in  the firs t 5 
minutes o f the polymerizations, which is consistent w ith deactivation o f the catalyst 
derived from 6.44 and E^CgFsb. The reason for deactivation remains unclear; catalyst 
deactivation may occur via intramolecular and/or intermolecular processes, entrapment o f 
the active species in  the polymer, or a combination o f these scenarios. In  commercial 
solution polymerization reactors, polymerizations are conducted for 5-10 minute 
intervals, and the catalyst components are continuously fed into the reactor.1 Therefore,
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short catalyst lifetim es may be acceptable for solution polymerization processes, 
provided the polymerization activities are sufficiently high.3 For gas phase 
polymerizations, longer catalyst lifetimes are generally required.3
3.5 Summary and Conclusions
A  reliable ethylene polymerization testing method employing the Buchi reactor 
has been developed. Reproducible polymerization testing results are achieved for a range 
o f pre-catalysts upon activation by MAO, B(C6Fs) 3  and [Ph3C]+[B(C 6F5)4p. 
Polymerization variables including temperature, ethylene pressure, stir rate, solvent 
volume, reaction time, concentration o f pre-catalyst, co-catalyst and scavenger, are 
readily controlled.
A  series o f experiments employing the Cp*TiM e2 [NP(N(Et)(Ph))3] 
(6.44)/B(C6F5)3 catalyst system has demonstrated the sensitivity o f the catalyst activity to 
the polymerization conditions. Activities ranging from 0 to 5530 g mmol-1 hr-1 atm-1 
were achieved simply by modifying the polymerization conditions. The polymerization 
testing methods demonstrated in this chapter w ill be used in Chapters 5 and 6  to reliably 
evaluate potential ethylene polymerization catalysts, and to provide insight into new 
catalyst design.
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Chapter 4 Density Functional Theory Investigations 
on Cyclopentadienyl Titanium Phosphinimide 
Polymerization Catalysts
4.1 Introduction
As discussed in  Chapter 1, developing new catalysts for ethylene polymerization 
and other catalytic transformations has traditionally been a cyclic process, w ith the 
individual steps being catalyst design, synthesis, testing and analysis o f results to 
determine the u tility  o f a particular targeted catalyst. Clearly, a highly desirable goal is to 
reduce the number o f cycles necessary to develop new catalysts. In particular, the 
selection o f an appropriate in itia l target complex can reduce the number o f catalyst 
variations to be synthesized and, hence, their subsequent time-consuming testing. For 
example, the in itia l design could incorporate specific characteristics that may have been 
proven previously to be effective as catalysts for the targeted processes, such as a metal 
complex w ith bulky, electron donating ligands. 19 Unfortunately, in  many cases, it is 
unclear why particular catalysts are effective, hence making it d ifficu lt to predict 
improved catalyst designs.
Due to increases in computing power and the development o f new methods such 
as density functional theory (DFT), computational chemistry is now commonly used in 
transition metal chemistry to investigate catalytic reaction mechanisms and to provide 
greater insight into experimental observations. 113' 126 For example, numerous 
computational investigations have examined aspects o f the o lefin polymerization process, 
ranging from catalyst activation69 ' 72,80 ’85 ' 87,127 ' 132 to chain transfer. 66 ,68,80,133 ' 135 The large 
majority o f theoretical studies on olefin polymerization are investigations o f well 
established catalyst systems such as metallocenes, 66 ,87 ,127 ,128,131 ,133,135-141 constrained 
geometry catalysts, 6 6 ' 72 or nickel and palladium diim ine catalysts. 142' 153 However,
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ethylene polymerization w ith  Group 4 phosphinimide catalysts has only recently been 
investigated by Ziegler and co-workers. 85,86
In this chapter, the influences on ethylene polymerization o f the electron 
withdrawing or donating properties o f the substituents on the phosphinimide ligand, 
[NPR3]~, were investigated. More specifically, employing various DFT-based methods, 
the first two insertions o f ethylene into the catalyst precursors, CpTiMe2 [NPR3], were 
investigated for a variety o f phosphinimide ligands (R = H, CH3, NH 2 , Cl, F) that exhibit 
a range o f electron withdrawing or electron donating abilities. The intention was to 
identify desirable electronic properties o f the phosphinimide ligand for synthetic efforts
O'} QA H *) Of 0*7
(Chapters 5 and 6 ). Recent experimental ’ and computational evidence ’ ' has 
suggested that the counterion can play an important role in the polymerization activity o f
• 89 8^a catalyst system. Therefore, ion pair formation and ion pair separation were modeled 
using [MeBCl3]“  as a counterion .69 In addition, solvent effects were taken into account 
throughout this study using the "conductor-like screening model" (COSMO) 
approximation. 154
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4.2 Computational Methods
A ll calculations were performed using the Gaussian 98 suite o f programs. 155 
Optimized gas phase geometries were obtained using the Becke3 exchange functional, 156 
as implemented in  Gaussian 98,157 in combination w ith the Lee, Yang, and Parr 
correlation functional, 158 i.e. the B3LYP method. The LANL2DZ basis set was used for 
geometry optimizations and energy calculations.
Relative energies were obtained by performing single-point calculations at the 
B3LYP/BS2 level o f theory, based on the above geometries. The BS2 basis set is a larger 
basis set consisting o f the 6-31G(d,p) basis set159' 162 for H, B, C, N  and F atoms, and the 
LANL2DZ basis sets for T i, N i, P and Cl. As previously recommended by Torrent, Sola,
117and Frenking, fo r T i and N i, the valence double-zeta LAN L2D Z basis sets were 
supplemented w ith  a set o f (n)p functions for transition metals developed by Couty and 
H all. 163 In addition, for P, a ^-function w ith an exponent o f 0.34 was added. 164 This basis 
set is expected to provide more reliable relative energies than the smaller LANL2DZ 
basis set.
Solvent effects were approximated w ith single-point calculations using 
B3LYP/BS2 on gas phase B3LYP/LANL2DZ geometries using the COSMO method165 
w ith the dielectric constant o f s = 2.379 for toluene. Toluene was chosen since all 
polymerization experiments reported in this thesis employed toluene as the solvent. 
Gaussian archives for a ll optimized structures are provided in Appendix E. The nature o f 
transition structures were confirmed by calculating the harmonic vibrational frequencies. 
Atomic charges on titanium  reported herein are M ulliken charges from the B3LYP/BS2 
COSMO single point calculations. A ll relative energies are reported in kcal m o f1, bond 
lengths in  angstroms (A ) and angles in  degrees (°), unless otherwise noted.
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4.3 Discussion & Results
Identifying the individual steps o f the polymerization process that are most 
dramatically influenced by the electronic properties o f the ligands should provide 
valuable insight into the design o f new catalysts, thus, an investigation into the 
mechanism o f the polymerization process was conducted. In particular, the firs t two 
insertions o f ethylene and the catalyst activation process were modeled.
In itia lly , a detailed investigation o f the ethylene polymerization mechanism was 
performed in which CpTiMeifNPHb] was the pre-catalyst employed. The gas phase 
relative energies are used in the follow ing sections in illustrations o f the steps o f the 
polymerization process. Next, the effects o f solvent on the polymerization mechanism 
were modeled using the COSMO approach. Finally, the effects o f enhancing or 
decreasing the electron donating ab ility o f the phosphinimide ligand were investigated by 
studying the model catalysts, CpTiMe2 [NPMe3], CpTiMe2 [NP(NH2)3 ], CpTiMe2 [NPCl3] 
and CpTiMe2 [NPF3] v
4.3.1 Ion Pair Formation and Ion Pair Separation
Catalyst activation is the firs t step in the polymerization process for Group 4 
catalysts (Figure 4.1). A common approach to catalyst activation is to react a metal 
dialkyl precursor w ith  a Lewis acid such as B(C 6F5) 3 .82 In this study, CpTiMe2 [NPFl3] 
(1h) and BCI3 were employed as the metal d ialkyl precursor and Lewis acid, respectively 
(Figure 4.1).V1,69 These precursors react to form an ion pair (2H). The ion pair formation
v The relative electron donating ability o f the phosphines used in this study are PMe3 > P(NH2)3 , > PH3 > 
PCI3 > PF3. A detailed discussion o f this ranking is provided in Appendix F.
VI BC13 was used as a model for B(C6F5) 3 to reduce the computational costs. A previous study o f ion pair 
formation energies o f constrained geometry ion pairs (C5H4 SiH2NCH3)TiMe-p-MeB(R ) 3 (R = C6F5, Cl, F) 
employed B(C6F5)3, BC13 and BF3 as Lewis bases. 69 The AHipf energies for R = C6F5, Cl, and F were -32, 
-19, and -9  kcal mol- 1  respectively. 6 9 Based on the fact that the AHipf for B(C6F5 ) 3 was closer to the AHipf of 
BC13 than BF3, BC13 was chosen as the alternative model for B(C6F5)3. (See Appendix G)
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energy (AHiPf) is the difference in energy between the ion pair (2h) and sum o f the 
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Figure 4.1. Schematic gas phase potential energy surface fo r ion pair formation (AHiPf) 
and ion pair separation (AHips-Me)-
The transition state structure fo r this reaction was not located, thus the barrier o f 
the transition from 1h to 2h was not calculated, as indicated by the dashed line. However, 
a related study performed by Marks and co-workers described the reaction o f a series o f 
Lewis acids B(C 6Fs)2A r (A r = C6F5, 3 ,5 -F2C6H 3, Ph, 3 ,5 -Me2C6H 3) w ith Group 4 metal 
precursors to generate the [(1,2 -Me2Cp)2M M e]+[Me(C 6F5)2Ar]~ (M  = Zr, H f) ion pairs. 
For the reaction o f (l,2 -M e 2Cp)2ZrMe2 w ith B(C6Fs)3 , the barrier was estimated to be 
approximately 3 kcal moF1, 92 thus suggesting that the barrier to methide abstraction is 
like ly small.
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Follow ing the formation o f the in itia l ion pair [CpTiMe[NPH 3] ]+[MeBCl3]~ ( 2 h ) ,  
the next step in the polymerization modelvn was the separation o f 2 h to form a discrete 
cation, [CpTiMe[NPH 3] ]+ 3h, and anion, [M eBC fj]- . In the gas phase, this reaction 
requires approximately 89.1 kcal mol- 1  and is referred to as the ion pair separation energy 
(AHjpS-Me)-Vm The ion pair separation energy represents the energy difference between the 
discrete ions, 3h and [M eBCl3]~, and the ion pair, 2h (Figure 4.1).
4.3.2 Methyl Cation Ethylene Complexation Energy (AHc.Me)> Methyl 
Insertion Barrier (AHib.Me), and Propyl Cation Isomerization 
Energy (AHPr.|S0)
After separation o f the ion pair ( 2 h ) ,  the cation ( 3 h )  is free to react w ith ethylene. 
When 3h interacts w ith ethylene they form, w ithout an energy barrier, the ethylene 71- 
complex 4 h ,  which is 21.3 kcal mol- 1  lower in  energy (Figure 4.2). The stabilization 
energy that results upon complexation o f ethylene to the cation is the ethylene 
complexation energy, AHc-Me, and is defined as the difference in energy between the 
ethylene 7i-complex ( 4 h )  and the sum o f the energies o f the cation ( 3 h )  and ethylene. 80,85 
Coordination o f ethylene to transition metal catalysts has previously been extensively 
studied using computational techniques. 80 The gas phase ethylene complexation energy 
for 4h [CpTiMe[NPH 3](C 2H4)]+ o f -21.3 kcal moF1 agrees well w ith  the value previously
 1 Of
reported by Ziegler and co-workers (-20.12 kcal mol ).
vn Recent computational studies have described the insertion o f ethylene directly into the M-alkyl bond of 
the ion pair. 6 9 ,7 1 ,7 2 '8 5 ,8 7 ' 131 However, attempts to use a similar approach for the ion pairs CpTiMe[NPR3]-p- 
MeBCf were plagued by problems related to undesirable side reactions o f the [MeBCl3] ' counterion, 69  
while  use o f  a larger counterion such as [M eB(C 6F5)3p was not feasible due to p roh ib itive  computational 
costs (Appendix G). Therefore, the ion pairs CpTiMe[NPR3 ]-p-MeBCl3 were separated into discrete 
cations and anions prior to continuing through the polymerization process.
vinAHips.Me refers to the 1st insertion, since the CH3 group is the alkyl substituent in itia lly present on the Ti 
metal center. Subsequent steps describe the 2nd insertion into a propyl group, and are represented by AHips. 
Pr This also applies to other AH values described in this section o f the thesis.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 4 -  D FT Study o f Cp-Titanium-Phosphinimide Catalysts_________ 62








Figure 4.2. Schematic gas phase potential energy surface for ethylene complexation 
(AHc-Me), ethylene insertion (AHib-Me) and propyl chain isomerization (AHpr.iso).
The next step in  the model polymerization mechanism is the insertion o f ethylene 
o f the 7t-complex ( 4 h )  into the Ti-CH 3 bond. The insertion proceeds through a 
metallocycle transition state (TSIh), and results in  the formation o f a propyl cation w ith a 
y-agostic interaction (5H) (F igure 4.2). In  the insertion process, the Ti-CH 3 bond is 
broken, while the T i forms a new bond w ith one o f the carbon atoms from the ethylene 
and the other carbon atom from ethylene forms a new bond w ith the methyl group. The 
insertion reaction proceeds w ith  a barrier o f just 6.7 kcal mol*1. This barrier AHib-Me was 
calculated from  the difference in  energy between the transition state (TSIh) and the 
ethylene- ^-complex ( 4 h )  (F igure 4.2).
The complex 5h is a y-agostic propyl cation, in  which the terminal y-carbon C-H 
bond o f the alkyl chain interacts w ith the T i center. The y-agostic interaction is reflected 
in the Ti-CY, Ti-Hy and CY-HY distances o f 2.446, 2.187 and 1.119 A , respectively (F igure 
4.3). A fte r the structure o f the y-agostic propyl cation ( 5 h )  was calculated, the structure o f 
the P-agostic propyl cation (6h) was optimized (F igure 4.3). The complex 6H has a P~
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agostic interaction reflected in the long Cp-Hp distance (1.156 A). The y-agostic complex 
( 5 h )  can rearrange to the P-agostic complex (6h ) w ith the difference in energy between 
the y-agostic and the p-agostic propyl cations being the propyl isomerization energy 
AHpr.iso (F igure 4.2). Calculations indicate that the P-agostic propyl cation is the 
thermodynamically favoured conformation fo llow ing ethylene insertion into the Ti-CH 3 
bond.
F igure 4.3. y-agostic propyl cation (5H) and p-agostic propyl cation (6h ) (H = white, C = 
orange, N  = ligh t blue, P = purple, T i = yellow).
It should be noted that in  studies o f constrained geometry catalysts, Ziegler and 
co-workers found rapid interconversion between the y-agostic and p-agostic 
conformations in  molecular dynamics simulations, 67 while in  studies o f metallocene 
catalysts, the calculated barrier o f interconversion was also extremely low . 166 Morokuma 
and co-workers found that isomerization barriers calculated by a variety o f methods for 
bridged metallocenes were less than 5 kcal moF1 fo r Z r . 133 Based on these previous 
studies o f Group 4 catalysts, it  was expected that the barrier o f interconversion o f the 
titanium phosphinimide propyl cations ( 5 h )  and (6h ) should also be low, and was 
therefore was not explicitly calculated (indicated by the dashed line in  F igure 4.2). Since 
the P-agostic propyl cation (6h ) was the thermodynamically favoured isomer, it  was used 
as a starting point fo r the subsequent calculations involving propyl cations. The effect o f 
the agostic interactions on the polymerization process is discussed further in  the 
subsequent sections.
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4.3.3 Propyl Ion Pair Separation Energy











Figure 4.4. Schematic gas phase potential energy surface for counterion recoordination.
Recent experimental evidence has shown the dramatic effect o f the counterion on 
polymerization activity . 82,90 In  addition, Landis and co-workers have demonstrated that 
the counterion remains in close proxim ity to the active catalyst site in  1 -hexene 
polymerizations using a metallocene based catalyst system.45 In  an effort to remain 
consistent w ith these experimental observations, re-coordination o f the counterion was 
included in the computational model.
The ion pair 7h was both the conclusion o f the firs t insertion o f ethylene and the 
starting point fo r the subsequent ethylene insertion. When the p-agostic propyl cation 
(6h) is allowed to interact w ith the [M eBCL]-  counterion, they form a complex (7h) 
which is approximately 76.2 kcal m o f1 lower in  energy, a result o f the propyl ion pair 
separation energy AHips.pr (F igure 4.4).
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4.3.4 Overall Profile for the First Insertion











Figure 4.5. The complete gas phase potential energy surface o f the mechanism for the
firs t insertion o f ethylene.
The complete potential energy surface o f the mechanism for the firs t insertion o f 
ethylene is shown in  F igure 4.5. In  this scheme, the sum o f the energy o f the dimethyl 
complex (1 h), BCI3 and C2H4 was set to 0 . 0  kcal mol-1.
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4.3.5 Gas Phase vs. Solution Phase
It is clear from the reaction profile in  F igure 4.5 that the separation o f the ion pair 
2h into a discrete cation (3h) and anion is the largest barrier w ith in the firs t ethylene 
insertion in this model mechanism (F igure 4.5). This is expected in  the gas phase, 
however, in  other studies, ion pair separation energies have been shown to be 
dramatically influenced by incorporating solvent effects into the calculations.6 9 ' 72,86,132’ 140 
Therefore, solvent effects were estimated using the COSMO154,165 method w ith toluene as 
the solvent (F igure 4.6).
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Figure 4.6. Comparison o f gas phase (black) and solution phase (blue) relative energy
profiles for the firs t insertion o f ethylene.
As expected, the slightly polar solvent generally stabilizes a ll ions and ionic 
complexes. However, the greatest stabilization occurs fo r those which are most ionic; the 
separated ions. As can be clearly seen, the steps 2h 3h + [MeBCUF and 6h +
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[M eB C y- 7 r are the most dramatically influenced by use o f the solvent correction 
model (F igure 4.6). The solvent correction reduces the ion pair separation values to 
approximately h a lf o f the gas phase values. This is due to the fact that the slightly polar 
nature o f the solvent stabilizes the charged ions resulting from ion pair separation, 
relative to the overall neutral ion pairs 2 H  and 7 h -  In addition, the COSMO approximation 
decreases the magnitude o f the ethylene binding energies (3h + C2H4 -> 4H). Again, this 
is due to greater stabilization o f the cation ( 3 h )  relative to the ethylene 7r-complex ( 4 h ) .
It should be noted that in  toluene, a solvent that is only slightly polar, it  is highly 
unlikely that there is complete dissociation o f ion pair 2 h into the separated ions 3h and 
[M eB C y- . However, despite this lim itation, in previous computational studies on Group 
4 catalysts that included the counterions explicitly, the same general steps displayed in 
Figure 4.6 were typ ically observed. Namely, that ethylene coordination to the metal 
center is accompanied by displacement o f the counterion, ethylene inserts into the M- 
alkyl bond through a four member metallocycle transition state, and that the kinetic 
product o f ethylene insertion is a y-agostic alkyl cation . 72,85 For example, Lanza and co­
workers commented that the kinetic products o f ethylene insertion into the ion pair 
[[H 2 Si(C5H 4)(/-B uN )]T iM e]+[MeB(C6F5)3]~ closely resembled the y-agostic propyl cation 
[[H 2 Si(C5H 4)(t-BuN )]T i(n-P r)]+ formed by insertion o f ethylene into the isolated cation 
[[H 2 Si(C5H4)(/-BuN )]T iM e] . Thus, the potential energy surfaces presented in this 
thesis are general mechanistic schemes that represent the upper energy profile o f the 
insertion process.
In the second ethylene insertion, the solvent and gas phase energy profiles differ 
in the same fashion as observed for the firs t insertion energy profile. For example, 
incorporating solvent effects dramatically reduces the energy required for ion pair 
separation ( 7 h  6 h + [M eBCL]-). Since all polymerizations reported in this thesis were 
conducted in toluene, the solvent corrected energy profiles are used throughout the 
remainder o f this chapter when discussing the second ethylene insertion and the effect o f 
replacing the H substituents on [NPH3]”  w ith electron donating or withdrawing groups.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 4 -  D FT Study o f  Cp-Titanium-Phosphinimide Catalysts_________ 68
4.3.6 Overall Reaction Profile for the Second Ethylene Insertion
Investigations on the insertion o f a second ethylene monomer are o f interest since 
they enable one to consider effects o f extending the polymer chain, an important stage o f 
polymer production. In particular, it  has been previously shown that the firs t o lefin 
insertion can be ca. 400 times slower than subsequent insertions45 In  addition, 
investigating the second insertion simulates 0 - and y-agostic interactions o f the polymer 
chain w ith the metal center, which have been proposed to influence various aspects o f the 




N 1̂ 2 + CH2==CH2










Figure 4.7. Relative energy profile fo r solution phase insertion o f a second ethylene.
As is clearly shown in F igure 4.7, the largest barrier (AHips.pr, 31.4 kcal mol-1) 
occurs fo r the dissociation o f ion pair 7h into the separated ions 6H and [MeBCFF- This 
is the reverse process o f the counterion recoordination described in F igure 4.4.
In the next step, the p-agostic propyl cation 6 H is allowed to interact w ith C2H 4 to 
form the ethylene 71-complex 8H, lying 10.1 kcal mol-1 lower in  energy. This process
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occurs w ithout an energy barrier and the resulting stabilization energy, AHc-pr, is referred 
to as the propyl cation ethylene complexation energy. AHc-pr is defined as the energy 
between the ethylene ^-complex (8h ) and the sum o f the energy o f 6h  and ethylene 
(Figure 4.7).
In the fina l step, the monomer o f the ^-complex (8h ) inserts into the Ti-CsHy bond 
via the metallocycle transition state TS2h, requiring only 2.7 kcal mol-1, to give a pentyl- 
cation w ith  a y-agostic interaction (9h) lying 14.1 kcal mol-1 lower in  energy (Figure 
4.7). The propyl insertion barrier, AHib-pr, is defined as the difference in  energy between 
the transition state (TS2h) and the ethylene 7i-complex (8h ).
4.3.6.1 Comparison of First and Second Insertion
The firs t and second insertions o f ethylene are compared in Figure 4.8, starting 
from ion pairs 2h and 7h, and proceeding to the y-agostic cations 5h and 9h, respectively. 
In Figure 4.8, the sum o f the energy o f 2h and ethylene, and the sum o f the energies for 
7h and ethylene, have both been set to 0.0 kcal mol-1 to facilitate comparison o f the 
potential energy surfaces o f the firs t and second insertion o f ethylene.
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Figure 4.8. Comparison o f the solution phase potential energy surfaces o f the firs t
insertion (black) and second insertion (blue).
F igure 4.8 clearly demonstrates that the second insertion has a lower relative 
energy profile than the firs t insertion, suggesting that, thermodynamically, it  should occur 
more readily. A  sim ilar computational prediction was made fo r constrained geometry ion 
pairs [[H2Si(C5H4)^BuN)]TiM e]+[MeB(C6F5)3r and [[H2Si(C5H4)(r-BuN)]Ti(n- 
Pr)]+[MeB(C6F5)3]~, which found the insertion barrier was lower when the propyl alkyl 
chain was present.72 These results are in  excellent agreement w ith recent experimental 
studies on the polymerization o f 1-hexene w ith 
[rac-C 2H4 (l-In d )2ZrM e]+[MeB(C6F5)3] ';45 at -40 °C, the insertion into the Zr-Me bond is 
ca. 400 times slower than subsequent insertions.45
There are two factors which contribute to the lower energy profile fo r the second 
insertion relative to the firs t insertion, namely, the ion pair separation energy AHips.pr and 
the insertion barrier AHib-pr. The ion pair separation barrier fo r the propyl ion pair ( 7 h  
6h + [MeBCF]-, 31.4 kcal mol-1) is significantly lower than the ion pair separation 
barrier fo r the methyl ion pair ( 2 h  3 h  + [MeBCF]-, 44.6 kcal mol-1). The resulting
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decrease due to the change o f the alkyl group from methyl to propyl is approximately 13 
kcal moF1. This difference is in  part like ly  due to stabilization o f the separated propyl 
cation 6 h by a P-hydrogen agostic interaction (F igure 4.3). In  addition, as is shown in 
F igure 4.9, the Ti-Canion distance in  7H (3.725 A) is much longer relative to 2h (2.445 A). 
This is consistent w ith the weaker interaction between the T i center and the counterion. 
The increased Ti-Canion distance in  7h is like ly  the result o f the P-agostic interaction 
which persists from the propyl cation 6 r .  In  addition, in  3H (methyl) and 6 h (propyl), the 
total atomic charge on T i is calculated to be 0.96 and 0.79, respectively, indicating that 
the propyl chain is more electron donating than the methyl chain. This would result in  a 
lessened electrostatic attraction between the T i center and the counterion. Calhorda and 
co-workers predicted that in  metallocene ion pairs, approximately 72% o f the attractive 
forces in  the ion pair [Cp2ZrM e]+[MeBF3]_ were electrostatic while the remaining 28% 




Figure 4.9. Ion pairs 7h and 2h (H  = white, B = red, C = orange, N  = ligh t blue, P = 
purple, C l =green, T i = yellow).
In addition to ion pairing effects, the second insertion has a lower energy profile 
due to the fact that the insertion barrier for the propyl cation (8h  TS2h, 2.7 kcal moF1) 
is lower by 3.2 kcal moF1 than the barrier fo r the methyl cation (5h TSIh, 5.9 kcal 
moF1). This lower insertion barrier may be due to a stronger a-agostic interaction in 
TS2h relative to TSIh (F igure 4.10), as suggested by a shorter T i-H  agostic bond for the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 4 -  D FT Study o f  Cp-Titanium-Phosphinimide Catalysts_________ 72
second ethylene insertion transition state (TS2h) relative to the firs t ethylene insertion 
transition state (T S Ih) (1.989 A vs. 2.068 A), and a concomitant lengthening o f the a- 
agostic C-H bond in TS2h relative to T S Ih  (1.145 A v s . 1 .133 A).
TS1h TS2h
Figure 4.10. a-agostic interactions in T S Ih and TS2h (H  = white, C = orange, N  = light 
blue, P = purple, T i = yellow).
These results are consistent w ith computational studies by Rytter and co-workers 
who found the ethylene insertion barrier into [Cp2ZrM e]+was -3 .5  kcal mol- 1  higher than 
the ethylene insertion barrier into [Cp2Zr(«-Pr)]+.13g Lanza and co-workers also observed 
a decrease o f -4  kcal mol- 1  in  the insertion barrier fo r the separated propyl cation 
[[H 2 Si(C5H 4)(r-BuN)]Ti(n-Pr)]+ relative to the methyl cation [[H 2Si(CsH4)(^- 
BuN )]TiM e]+ in  constrained geometry catalysts.72 It has been suggested that the greater 
electron donating and sterically demanding propyl chain influences the intermediate n- 
complex in  two ways: ( 1 ) ethylene coordination is weaker, thus rendering the ethylene 
more available for insertion; and (2 ) a weak a-agostic interaction induces a Ti-CKfe 
spatial orientation more suitable for reaching the transition state geometry.72 Ziegler and 
co-workers determined that the insertion barrier in  the constrained geometry cation 
[(CpSiH2N H )T iM e f was -0 .7  kcal mol' 1 higher than fo r [(CpSiH2N H )T iE tf. This 
decrease in the insertion barrier was attributed to a-agostic interactions in  the transition 
state w ith the ethyl chain which were not present in  the transition state w ith  the methyl 
group.67
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The remaining difference between the firs t and second insertion potential energy 
profiles is in  the ethylene complexation energy. The magnitude o f the ethylene 
complexation energy fo r the second insertion (6h  + C2H4 8H, - 1 0 . 1  kcal mol-1) is 
significantly less than fo r the firs t insertion (3h + C2H4  4h, -18.9 kcal moF1). These 
results are in  general agreement w ith previous computational studies which found 
reductions o f -15 kcal moF1 in  the ethylene coordination energy o f M -C 3H 7 complexes 
vs. M-CH 3 complexes. 80 In  these studies, the difference in energy was attributed to the 
disruption o f p- or y-agostic interactions upon olefin complexation.80 This is like ly a 
contributing factor in  this study, as the strong p-agostic interaction that was present in  6 H 
is no longer observed in  the ethylene re-complex 8 H, as evidenced by the Ti-Hp distances 
o f 3.469 and 3.300 A. (F igure 4.11).
3.469 A
®H
Figure 4.11. Ethylene re-complex 8 h (H  = white, C = orange, N  = light blue, P = purple, 
T i = yellow).
4.4 Effects o f Electron Donating and Withdrawing Groups
The effects o f increasing the electron donating or withdrawing effects o f the R 
groups in  the phosphinimide ligand, relative to those o f H, were examined. Thus, the 
model catalysts CpTiMe2 [NPR3], (R = Me, NH2, Cl, F) were employed in the
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mechanisms described in  the previous sections for the firs t and second insertions o f 
ethylene. These substituents provided a wide range o f electronic properties o f the parent 
phosphines while m inim izing the computational costs (See Appendix F).
Analysis o f the atomic charges on titanium  in the dimethyl complexes 
CpTiMe2 [NPR3] (1) and separated methyl cations [CpTiMe[NPR.3] ]+ (3) (R = Me, NH 2 , 
H, Cl, F) revealed that the relative electron donating ab ility o f the phosphinimides is 
[NPMe3r  = [NP(NH2)3]~ > [NPH3]“ > [NPC13]“ s [NPF3 ]“  (F igure 4.12), in  general 
agreement w ith the donating ab ility o f the parent phosphines (Table 4.1). Thus, relative 
to [NPH3]~, two o f the ligands, namely [NPMe3]~ and [N PfN FFfi]” , are electron 
donating, while the other two, [NPC13]~ and [NPF3 r ,  are electron withdrawing.
Table 4.1. COSMO/BS2 calculated atomic charges on titanium  in  the dimethyl 
complexes CpTiMe2 [NPR3] (1) and in the separated methyl cations [CpTiMe[NPR 3] ]+ (3) 
(R = Me, NH2, H, Cl, F).
R Group Xi B3LYP/LANL2DZ
(cm"1) 3
CpTiMe2[NPR3] 
Atomic Charge on 
Titaniumb
[CpTiMe[NPR3]]+ 
Atomic Charge on 
Titaniumb
Me 4.3 0.78 0.90
n h 2 7.0 0.79 0.91
H 9.3 0.84 0.96
Cl 18.9 0.94 1.05
F 21.4 0.91 1.05
a Xi b 3 ly p / la n l2 d z  represents the relative electron donating ability o f the substituent, R, in the tertiary 
phosphine PR3. Low values correspond to electron donating groups while high values correspond to 
electron withdrawing groups (see Appendix F). 
b B3LYP/BS2 COSMO, solvent = toluene.
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Dimethyl (1) Methyl Cation (3)
Metal Complex
Figure 4.12. Atom ic charge on titanium  in the dimethyl complexes CpTiMe2 [NPR3] (1) 
and separated methyl cations [CpTiMe[NPR3]]+ (3) (R = Me, NH2, H, Cl, F).
4.4.1 First Insertion of Ethylene: Influence of Electron Donating and 
Withdrawing Substituents
Schematic potential energy surfaces for the firs t insertion o f ethylene for the pre­
catalysts CpTiMe2 [NPR3] (R = Me, NH2, Cl, and F) are presented in  F igure 4.13 and 
F igure 4.14. The potential energy surface o f the pre-catalyst CpTiMe2 [NPH3] is 
represented by the blue line and associated numbers in each diagram, to facilitate 
comparison. For a ll surfaces, the sum o f the energies o f CpTiMe2 [NPR3] + BC13 + C2H 4 
has been set to 0 . 0  kcal mol-1.
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Figure 4.13. Effects o f electron donating phosphinimides (a) [NPMe3]~ and (b) 
[NP(NH2)3]" on the solution phase potential energy surface o f the firs t insertion o f 
ethylene in CpTiMe2 [NPR.3], and comparison to [NPH3]~ (blue line in  each).
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Figure 4.14. Effects o f electron withdrawing phosphinimides (a) [N P C I3] -  and (b) 
[NPF3]-  on the solution phase potential energy surface o f the firs t insertion o f ethylene in 
C p T iM e 2 [N P R .3] , and comparison to [N P H 3]~ (blue line in each).
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For all catalysts presently considered, the mechanism for the firs t ethylene 
insertion is quite sim ilar, regardless o f the substituents. However, it  is clear from Figure 
4.13 that relative to H, electron donating substituents such as Me and NH 2 on the 
phosphinimide ligand produce lower relative energy profiles for the firs t ethylene 
insertion. In  contrast, electron withdrawing groups such as Cl and F (Figure 4.14) 
produce a higher relative energy profile. In particular, the nature o f the substituent has the 
greatest impact on the ion pair formation energies (1 + BCI3 -> 2 + AHjPf) and ion pair 
separation energies ( 2  -> 3  + [M eB C y- + A Hips-Me) (Table 4.2). Although affected less, 
other aspects o f the firs t insertion, such as the ethylene complexation energies (3 + C2H4 
-> 4 + AHc-Me), the ethylene insertion barrier (4 -> TS1 + AHib-Me), and the propyl 
isomerization energy (5 -> 6  + AHpr.iS0) are also influenced by the electronic properties o f 
the phosphinimide ligand (Table 4.2).
Table 4.2. Solution phasea=b AHiPf, AHips-Me, AHc-Me, AHib-Me and AHpr-iS0 for the catalysts 
CpTiMe2 [NPR3] (R = Me, NH2, H, Cl, F).










Me -23.7 41.1 -17.4 6.4 -3.6
n h 2 -22.9 40.6 : ■ -17.7T 6.6 -3.8
H -19.1 44.6 -18.9 5.9 -3.0
Cl -5.9 48.4 -20.4 5.1
F -5.6 46.1 -20.8 4.8 -2.2
a B3LYP/LANL2DZ// B3LYP/BS2. 
b Solvent Toluene (s = 2.379).
c Corresponding to: C pT iM e2[NPR3] (1) + BC13 A  C pTiM e[N PR 3]-p - M e B C f (2) + A H ipf. 
d Corresponding to: C pT iM e[N P R 3]-p - M eB C l3 (2) A  [C pT iM e[N PR 3] ]+ +  [M e B C f f  + A H ips.Me. 
e Corresponding to: [C pT iM e[N P R 3] ]+ (3) + C2H4 -> [C pT iM e[N PR 3] (C2H 4) ]+ (4) + AHc.Me. 
f Corresponding to: [C pT iM e[N P R 3] (C2H 4) f  (4) A  [C pT iM e[N PR 3] (C2H 4) ]+TS (TS1) + AHib-Me- 
8 Corresponding to: [C pT i(«-P r)[N P R 3]]*(5 ) -> [C pT i(«-P r)[NPR 3] ]+ (6) + AHPr.iS0.
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Ion Pair Formation Energy, AHipf
The electronic properties o f the substituents have the most significant effect on 
the ion pair formation energies (1 + BCI3 -> 2 + AHjPf). The energy released upon ion 
pair formation follows the trend CH3 > NH 2 > H  > Cl > F, in  line w ith their electron 
donating abilities. There is approximately 18 kcal moF1 difference between AH;Pf for the 
most electron rich T i complex, CpTiMe2 [NPMe3] lMe (-23.7 kcal moF1), and the most 
electron poor T i complex, CpTiMe2 [NPF3] lp  (-5.6 kcal moF1).
It is apparent from  Figure 4.15 that electron donating substituents (Me, NH 2) 
favour ion pair formation relative to the electron withdrawing substituents (C l, F). These 
results are consistent w ith  the results o f Ziegler and co-workers, who observed that for a 
range o f catalyst systems, substituting Me for H resulted in a more exothermic ion pair 
formation energy. The authors proposed that enhanced electron donation from  the methyl 
group rendered the metal centers less acidic than the corresponding complexes where R = 
H . 86
Figure 4.15. Solution phase ion pair formation energies (A H jPf) for the reaction 
CpTiMe2 [NPR3] (1) + BC13 CpTiMe[NPR3]-p-M eBC l3 (2) + A H ipf (R = Me, NH2, H, 
Cl, F).
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The AHipf values can influence the polymerization activity by affecting the 
equilibrium position o f the dimethyl precursor, the co-catalyst and the resulting ion pair, 
in  the reaction:
L nMMe2 + BR3 [LnMe]+[MeBR3] ' + AHipf
For example, Marks and co-workers described the reaction o f a series o f Lewis acids o f 
general formula B(C 6F5)2A r (A r = C6F5, 3,5-F2 C6H3, Ph, 3,5-Me2C6H3) w ith (1,2- 
Me2Cp)2ZrMe2 to generate the corresponding [ ( l, 2 -Me2 Cp)2ZrM e]+[MeB(C 6F5)2Ar]~ ion 
pairs. The AHiPf values for A r = C6F5 , 3,5-F2 C6H3, Ph and 3,5-Me2CeH3 were estimated to 
be -24.2, -18.7, -14.8 and -10.8 kcal mol-1, respectively, while the corresponding mole 
percentage o f the ion pairs were estimated to be >99%, 62%, 44%, and 19%, 
respectively. Thus, A H jpf is related to the equilibrium  position. Subsequent 
polymerization testing o f the ion pairs revealed a qualitative correlation between the 
proportion o f the cationic form and the polymerization activities, i.e., the highest activity 
was observed for [(l,2 -M e 2 Cp)2ZrM e]+[MeB(C 6F5)3]“  (AHipf = -24.2 kcal m ol"1, >99% 
cation-like form), while the lowest activity was observed for [( 1 ,2 - 
Me2Cp)2ZrM e]+[MeB(C 6F5)2(3,5-Me2C6H3)]" (A H ipf = -10.8 kcal m ol"1, 19% cation-like 
form ) . 92
In the reaction:
CpTiMe2[NPR3] + BC13 = [CpTiMe[NPR3]]+[M eBCl3]‘ + AHipf
when R  = Cl and F, A H iPf is only -5.9 and -5.6 kcal m ol"1, respectively. This suggests 
that, i f  entropy contributions were sim ilar to those observed in the formation o f [(1,2- 
Me2Cp)2ZrM e]+[MeB(C6F5)2(3,5-Me2C6H3)]", the mole percentage o f the ion pairs 
CpTiMe[NPC13]-p-M eBC l3 (2Ci) and CpTiMe[NPF3]-p-M eBCl3 (2F) would be less than 
19%. Thus, electron withdrawing substituents like Cl or F on the phosphinimide ligand 
may reduce the ab ility o f methyl abstracting co-catalysts such as B(C6F5)3 to form an ion 
pair by shifting the equilibrium  to prefer the in itia l reactants, the neutral dimethyl 
titanium complex and co-catalyst. This would decrease the concentration o f the active 
catalyst and consequently reduce the polymerization activity. Such pre-catalysts might 
require an alternative co-catalyst such as [HNMe2Ph]+[B(C 6Fs)4 ]“ , which activates the 
catalyst via protonolysis o f a methyl group, to quantitatively and irreversibly produce an 
ion pair for polymerization.
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Ion Pair Separation Energy, A H ips_Me
The ion pair separation energies (2 -> 3 + [M eBCl3]~ + AHips.Me) are also strongly 
affected by the electronic properties o f the phosphinimide ligand. The ion pairs 2Me and 
2 nh2 have significantly lower ion pair separation energies than 2 ci and 2 p, suggesting that 
electron donating substituents reduce the barrier to ion pair separation (F igure 4.16).
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Figure 4.16. Solution phase ion pair separation energies AHjps.Me for the reaction 
CpTiMe[NPR3]-p-M eBC l3 (2) -> [CpTiMe[NPR3]]+ (3) + [M eBCl3]“ + AHips.Me (R = 
Me, NH2, H, Cl, F).
This is consistent w ith previous studies on a variety o f Group 4 catalyst ion pairs 
conducted by Ziegler and co-workers.86 They found that fo r several Group 4 catalyst 
systems, substituting Me for H in the ancillary ligands lowered the ion pair separation 
energies. 86 They attributed this to be due to an increased ability o f the ancillary ligands to 
stabilize the isolated cation that emerges upon formal separation o f the ion pair.86 In 
subsequent work involving a QM /M M  study o f ethylene insertion directly into the ion 
pair o f various catalyst systems, they observed a correlation between the total insertion 
barrier and the ion pair separation energy which led them to speculate that “ the better the 
ancillary ligands can stabilize the separated ion pair system, the more active the catalyst 
w ill be” . 85
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Since this model shows that the ion pair separation energy is lower for the 
electron donating substituents, the rate o f the insertion o f the firs t equivalent o f ethylene 
should be higher for CpTiMe2 [NPR3] catalysts w ith highly electron donating 
phosphinimide ligands. This is in general agreement w ith the observation that electron 
donating groups enhance polymerization activity w ith a variety o f Group 4 catalyst 
systems (see Section 2.6.5). 13’30,102 ‘ 104
Ethylene Complexation Energy, A H C-Me
The electronic properties o f the phosphinimide ligand have a small influence on 
the ethylene complexation energies (3 + C2H4 4 + AHc-Me)- The difference between 
the largest and smallest AHc-Me value (3mc: -17.4 kcal mol-1 v.s\ 3F: -20.8 kcal m o f1) is 
approximately 3 kcal mol-1 (Figure 4.17). These results suggest that the electron 
donating substituents (Me, NH 2) stabilize the separated cation 3 relative to the ethylene 71- 







Figure 4.17. Solution phase ethylene complexation energies, AHc-Me for the interaction 
[CpTiMe[NPR3]]+ (3) + C2H4 [CpTiMe[NPR3](C2H4)]+ (4) + AHC-Me (R = Me, NH2, 
H, Cl, F).
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Previously, a general correlation between the charge o f the metal center and the 
ethylene binding energy (i.e. M 2+ > M + > M ° ) was reported for d° metal systems. 167,168 
The same trend is observed in this investigation; fo r example, when the atomic charge o f 
T i in [CpTiMe[NPR3]]+ (3) (R = Me, NH2, H, Cl, F) is plotted vs. AHc.Me (Figure 4.18), 
it  is clear that AHC-Me is directly related to the charge o f the metal center for the titanium 
phosphinimide cations (3). Consequently, AHc.Me is related to the electron donating or 
withdrawing ab ility  o f the phosphinimide ligand since the charge on the T i center was 
previously shown to be related to the phosphorus substituents (see Table 4.1 and Figure 
4.12).
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Figure 4.18. AHC-Me vs. atomic charge on T i in  methyl cations [CpTiMe[NPR3]]+ (R = 
Me, NH2, H, Cl, F). Atom ic charges and A H C-Me values are reported in Table 4.1 and 
Table 4.2, respectively.
Ethylene Insertion Barrier, AHjb-Me
The electronic properties o f the phosphinimide ligand have only a very small 
influence on the ethylene insertion barrier (4 TS1 + AHib-Me)- Electron donating
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substituents CH3 and NH 2 give the highest insertion barriers, while the electron 
withdrawing substituents Cl and F give the lowest insertion barriers. However, the 
difference between the highest and lowest insertion barriers, which occur for R = NH 2 







Figure 4.19. Solution phase ethylene insertion barriers, AHib-Me, for the process 
[CpTiMe[NPR3 ](C 2H 4)]+ (4) [CpTiMe[NPR3](C 2H 4)]+ (TS1) + AHib.Me (R = Me, NH2, 
H, Cl, F).
The difference between the highest and lowest insertion barriers may be due to a 
slightly stronger a-agostic interaction observed in the transition states for the electron 
withdrawing groups relative to the electron donating groups, as suggested by the T-Ha 
distances in  T S lMe and TS1F (2.078 A vs. 2.050 A) (Figure 4.20). Alternatively, the 
lower insertion barrier fo r the electron withdrawing groups may be related to the structure 
o f the ethylene 7t-complex, 4. In particular, for electron withdrawing groups, the structure 
o f 4 is closer to that o f the corresponding transition state TS1. This is exemplified by 
simply considering the length o f the forming Ti-C  bond in TS1 vs. the corresponding 
T i C interaction in 4. For example, for T S If, the forming Ti-C bond is just 0.28 A 
shorter than in the in itia l complex 4F (2.212 A (TS1 F) vs. 2.490 A (4F)). In contrast, for 
TSlMe, the form ing Ti-C  bond is approximately 0.38 A shorter than in 4Me (2.241 A 
(TSlMe) vs. 2.623 A (4Me)) (Figure 4.20 and Figure 4.21). Since the form ing Ti-C bond 
changes less for 4F -> TS1 F than 4mc TSlMe (ca. 0.28 A vs. 0.38 A), this suggests that
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4F and TS1F are more closely related than the corresponding complexes 4mc and TSlMe- 











TS1Me i o i f
Figure 4.20. Transition states TSlMe and TS1F (H  -  white, C = orange, N  = ligh t blue, P 






Figure 4.21. Ethylene 7t-complexes 4Me and 4F (H = white, C = orange, N  = ligh t blue, P 
= purple, T i = yellow, F = grey).
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Propyl Isomerization Energy, AHPr.iS0
In the isomerization o f the y-agostic cation 5 to the (3-agostic propyl cation 6  (5 
-> 6  + AHpr-iso), the isomerization energy AHpr-iSo has a negative value, suggesting that 
the p-agostic propyl cation 6  is the thermodynamically favoured product o f ethylene 
insertion into the Ti-M e bond for all substituents. The magnitude o f the propyl 
isomerization energy AHpr-iSo is slightly larger for the electron donating substituents (CH3 
and NH 2) (F igure 4.22) than for the electron withdrawing substituents (C l and F).
-1
AHpr.|S0 j  
(kcal mol'1)
-5
Figure 4.22. Solution phase propyl isomerization energies, AHpr-iSo, fo r the process 
[CpTi(«-Pr)[NPR3]]+ (5) [CpTi(«-Pr)[NPR3]]+ (6 ) + AHPr.iS0 (R = Me, NH2, H, Cl, F).
4.4.2 Second Insertion of Ethylene: Influence of Electron Donating 
and Withdrawing Substituents
As mentioned previously, it is important to look at the longer alkyl chain models 
because methyl a lkyl groups are not able to simulate p- and y-agostic interactions o f the 
polymer chain w ith  the metal center. These interactions can significantly influence the 
polymerization rate. Thus, the second insertion o f ethylene w ith the pre-catalysts 
CpTiMe2 [NPR3] (R = Me, NH2, Cl, F) was also investigated. Reaction profiles for the
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second insertion o f ethylene starting from the propyl-ion pairs are presented below 
(Figure 4.23 and F igure 4.24). The potential energy surface o f the ion pair [CpTi(n- 
Pr)[NPH3]]+[M eBCl3 ]_ (7h) is represented by the blue line and associated blue numbers 
in each diagram to facilitate comparison. For a ll surfaces, the sum o f the energy o f propyl 
ion pair (7) + C2H 4 has been set to 0.0 kcal moF1.
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Figure 4.23. Effects o f electron donating phosphinimides (a) [NPMe3]“  and (b) 
[NP(NH2)3]" on the solution phase potential energy surface o f the second insertion o f 
ethylene, and comparison to [NPH3]~ (blue line and blue numbers in  each).
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Figure 4.24. Effects o f electron withdrawing phosphinimides (a) [NPCE]- and (b) 
[NPF3]~ on the solution phase potential energy surface o f the second insertion o f 
ethylene, and comparison to [NPH3]” (blue line and blue numbers in each).
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The geometries o f the propyl ion pairs 7 r  (R = Me, NH 2 , H, Cl, F) were located 
by introducing the [M eBCL]-  counterion to the (3-agostic propyl cation in  a chosen 
orientation such that the resulting ion pair was intended to contain a bridging methyl 
group. However, for 7p, it  was not possible to locate such an optimized geometry. 
Instead, a Cl atom from the [M eBCL]” counterion was transferred to the T i center to form 
CpTi(«-Pr)Cl[NPF3] and CH3BCI2 . A  sim ilar problem was reported by Lanza and co­
workers during their investigations on constrained geometry catalysts. 69 In an attempt to 
circumvent this problem, the Ti-C-B bond angle in [CpTi(n-Pr)[NPF3] ]+[MeBCl3] was 
constrained to 179.99°. However, this approach was also unable to locate an optimized 
structure. Thus, the geometry for 7p employed in  the B3LYP/BS2 COSMO calculation 
was not an optimized structure; the geometry was obtained from the lowest energy 
geometry optim ization step when the Ti-C-B bond angle was constrained to 179.99°. 
However, since the geometry was not fu lly  optimized, ion pair separation energy for 7 f is 
underestimated, and thus the relative energies for each step in  the potential energy profile 
are lower as a result (F igure 4.24 (b)). In the case o f ion pair 7ci, a Cl atom from the 
counterion and a Cl atom from the phosphinimide ligand were eliminated to form CI2 . By 
constraining the B-C l bond lengths and P-Cl bond lengths, this problem was resolved, 
and subsequently an optimized structure for 7ci was located. However, due to the bond 
constraints, the ion pair separation energy has been underestimated, and thus, all relative 
energies in  the potential energy surface are also lower as a result (F igure 4.24 (a)). A ll 
other structures were optimized without any geometry constraints.
The mechanism o f the second insertion o f ethylene does not change for the ion 
pairs 7 r  (R = Me, NH 2 , Cl, F) relative to 7H. However, the electronic properties o f the 
phosphinimide ligands do influence the relative energy profiles. In  particular, the ion pair 
separation energy AHjps-pr (7 6  + [MeBCl3]~ + AHips.pr), the ethylene complexation
energy AHc-pr ( 6  + C2H4-> 8  + AHc-pr), and the ethylene insertion barrier, AHjb-pr ( 8  -> 
TS2+AHib-pr) are affected (Table 4.3).
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Table 4.3. Solution phasea’b AHjps.pr, AHc-pr and AHjb-pr for the catalysts CpTiMe2 [NPR3] 
(R = Me, NH2, H, Cl, F).
R Group AHips.Prc AHC.Prd AHib.pe
Me 29.4 - 8 . 6 2 . 8
n h 2 32.1 -9.8 3.4
H 31.4 - 1 0 . 1 2 . 8
Cl -9.9 0.4
F 34.6g - 1 0 . 0 0.3
a B3 L YP/L ANL2DZ//B3 L YP/B S2. 
b Solvent Toluene ( e  = 2.379).
c Corresponding to: [CpTi(«-Pr)[NPR3 ]]+[MeBCl3]_ (7) [CpTi(w-Pr)[NPR3 ]]+(6 ) + [MeBClj]" + AHips.Pr.
d Corresponding to: [CpTi(ra-Pr)[NPR3 ]]+(6 ) + C2H4 -> [CpTi(«-Pr)[NPR3 ](C2H4)]+ (8 ) + AHc.Pr. 
e Corresponding to: [CpTi(ra-Pr)[NPR3 ](C2H4)]+(8 ) -> [CpTi(n-Pr)[NPR3 ](C2H4)]+TS(TS2) + AHib.Pr. 
f Geometry of 7a was optimized with all B-Cl and P-Cl bond lengths constrained. Therefore, reported value 
is expected to be lower than the true value.
8 Geometry of 7F used for energy calculations had the Ti-C-B angle constrained to 179.99° and the 
geometry was not fully optimized. Therefore, reported value is expected to be lower than the true value.
Ion Pair Separation Energy AHips.Pl.
The most significant influence o f the electronic properties o f the phosphinimide 
ligand is on the ion pair separation energy AHips.pr (7 -> 6  + [M e B C f]” + AHips_pr), with 
the difference between the lowest AHjps.pr (7mc: 29.4 kcal m o f1) and the highest AHjps.pr 
(7ci: 37.3 kcal m o f1) being approximately 8  kcal m o f1. The difference would be higher 
i f  geometry constraints, which a rtific ia lly  increase the total energy o f the particular 
species, were not required for the optim ization o f structure 1q\- Flowever, it  is clear from 
Figure 4.25 that even though the ion pair separation energies for 7ci and 7 f were 
underestimated due to problems obtaining optimized structures, the electron donating 
groups decrease the ion pair separation energies.
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Figure 4.25. Solution phase propyl ion pair separation energies, AHips.pr, fo r the process 
[CpTi(«-Pr)[NPR3]]+[MeBCl3r  (7) -» [CpTi(«-Pr)[NPR3]]+ (6 ) + [MeBCl3]-  + AHips.Pr 
(R = Me, NH2, H, Cl, F).
The ion pair separation energy for 7 n h 2 (32.1 kcal mol-1) is slightly higher than 
for 7h (31.4 kcal mol-1). This is in  contrast to that observed for the firs t ion pair 
separation in  which 2nh2 (40.6 kcal mol-1) was lower than 2h (44.6 kcal moF1). This 
reversal may be due to the shorter Ti-Canion distance in 7 n h 2 (2.403 A) relative to 7 h  
(3.725 A) (Figure 4.26). In  addition, a hydrogen bond is now formed between the 
[NP(NH2)3]~ ligand and the counterion in 7mj2, which would result in  additional 
stabilization o f the ion pair. Although 7h was the only conformer located for [CpTi(o- 
Pr)[NPH3 ] ]+[M eBCl3]~, the possibility that there are lower energy conformers o f 7h can 
not be ruled out due the large number o f possible conformations as a result o f the longer 
alkyl chain (n-Pr vs. Me). However, any energy differences are expected to be small.
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Figure 4.26. Ion pairs 7h and 7nh2 (H  = white, B = red, C = orange, N  = ligh t blue, P = 
purple, Cl = green, T i = yellow).
Ethylene Complexation Energy AHc-pr
The influence o f the electronic properties o f the phosphinimide ligand on the 
energy o f ethylene complexation to the propyl cations 6  ( 6  + C 2H 4  -> 8  + AHc-Pr) is not 
as clear as that observed for ethylene coordination to the methyl cations 3. As shown in 
F igure 4.27, the ethylene binding energies are quite sim ilar, and there is no distinct or 
clear correlation between the electron donating ab ility o f the substituent and the propyl 
cation ethylene binding energies.
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Figure 4.27. Solution phase propyl ethylene complexation energies, AHc-pr, for the 
process [CpTi(«-Pr)[NPR3]]+ (6 ) + C2H4 -» [CpTi(77-Pr)[NPR3](C 2H4)]+ (8 ) + AHc.pr (R 
= Me, NH2, H, Cl, F).
The lack o f correlation between the electronic properties o f the phosphinimide 
ligand and AHc-pr is like ly  due to the presence o f p-agostic interactions in the ethylene 71- 
complexes w ith  the electron withdrawing substituents, 8 ci and 8 p (Figure 4.28). As a 
consequence, the T i C ethyiene interactions are much weaker for the propyl ethylene 71- 
complexes, 8 ci and 8 p, relative to the methyl ethylene 7t-complexes, 4q and 4F (see 
Figure 4.28). In contrast, P-agostic interactions are not observed for the other ethylene 71- 
complexes 8 M e ,  8 n h 2 or 8 h ,  and for these complexes w ith electron donating substituents, 
the T i Cethyiene interactions are sim ilar fo r the methyl (4) and propyl (8 ) ethylene 71- 
complexes (see Figure 4.29).
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2.227 A
8 f  4 f
Figure 4.28, Comparison o f ethylene zt-complexes [CpTi(«-Pr)[NPF3](C 2H4 )]+ 8 p and 
[CpTiMe[NPF3](C 2H4)]+ 4F (H  = white, C = orange, N  = ligh t blue, F = grey, P = purple, 









o f [CpTi(«-Pr)[NPMe3](C 2H 4)] 8 Me and 
[CpTiMe[NPMe3](C 2H 4)]+ 4Me (H = white, C = orange, N  = ligh t blue, P = purple, T i = 
yellow).
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Propyl Insertion Barrier AHib.Pr
The electronic properties o f the phosphinimide ligands affect the propyl insertion 
barrier ( 8  -> TS2 + AHjb-Pr) in a fashion sim ilar to that observed for in itia l ethylene 
insertion into the Ti-CH 3 bond. The complexes w ith the electron withdrawing groups Cl 
and F have the lowest insertion barriers. Figure 4.30 reveals that the insertion barriers for 
the electron withdrawing groups, Cl (0.4 kcal mol-1) and F (0.3 kcal mol-1) are 2-3 kcal 






Figure 4.30. Solution phase propyl ethylene insertion barrier, AHjb-Pr, fo r the process 
[CpTi(n-Pr)[NPR3](C 2H4)]+ (8 ) ^  [CpTi(«-Pr)[NPR3](C2H4)]+ (TS2) + AHib.Pr (R = Me, 
NH2, H, Cl, F).
The lower insertion barrier for the electron withdrawing groups may be due to 
differences in the structures o f the ethylene 7t-complexes, 8 . For example, 8 ci and 8 f  
contain p-agostic interactions, while 8 Me, 8 n h 2 and 8 h  do not (Figure 4.31). The p-agostic 
interactions may destabilize the ethylene 71-complexes, thereby decreasing the gap in 
energy between the 7r-complex and the transition state, and consequently, the insertion 
barrier. In addition, the ethylene is bound in a conformation parallel to the T i-N  bond in 
8Me, 8 n h 2 and 8 h ,  while in  8ci, and 8 f ,  the ethylene is perpendicular to the T i-N  bond.
  «■*
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The latter conformation may be more conducive for insertion, as in the transition state for 
ethylene insertion, TS2, the ethylene is also perpendicular to the T i-N  bond, regardless o f 
the substituent (F igure 4.10).
F igure 4.31. Ethylene 7c-complex 8 H and 8 f  (H  = white, C = orange, N  = ligh t blue, F = 
grey, P = purple, T i = yellow).
4.5 Implications o f the Present Study
Previous experimental investigations have demonstrated that electron donating 
substituents can increase polymerization activity in  Group 4 polymerization catalyst 
systems such as zirconocenes, 30,102,103 constrained geometry catalysts, 104 ketimides169 and 
phosphinimide-based catalyst systems. 13 Despite the observed benefits o f electron 
donating groups, it  is s till not precisely clear why such substituents on ancillary ligands 
increase polymerization activity. Two explanations have been proposed by Collins and 
co-workers. 103 They proposed that electron withdrawing groups on indenyl rings could 
reduce the polymerization rate due to a greater degree o f association w ith the 
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decreases the polymerization rate by hindering coordination o f ethylene to the metal 
center. A lternatively, they proposed that changes in polymerization rate may be due to 
changes in metal-carbon bond strengths related to changes in  electron density at the metal
i rncenter. Essentially, the decrease in electron density at the metal center was suggested 
to result in  stronger bonding between zirconium and a-bonded ligands (such as the alkyl 
polymer chain). Thus, as in the transition state for olefin insertion, the Zr-C bond must be 
broken, and the change in  polymerization rate is due to the increased energy required to 
break the Zr-C bond. 103
These possible explanations are illustrated in an early paper by Goddard and co- 
workers. The authors suggested three possible solution phase energy profiles (Figure 
4.32 (a)-(c)), and, in  addition, a fourth possibility has been illustrated below (Figure 4.32 
(d)). In these energy profiles, a solvent molecule or an anion is displaced by an incoming 
monomer to form  an olefin complex. From the olefin complex, the monomer is inserted 
into the polymer chain through a metallocycle transition state. In (a), olefin binding is 
endothermic, and insertion is rate-lim iting. In (b), olefin binding is exothermic and again, 
the insertion step is rate-lim iting. In (c), the olefin binding is exothermic and rate 
lim iting, and fina lly, in  (d), the olefin binding is endothermic and rate lim iting because 
the olefin insertion barrier is small (Figure 4.32).
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Figure 4.32. Solution-phase energy profiles for (a) endothermic olefin binding, rate- 
determining insertion step; (b) exothermic olefin binding, rate-determining insertion step; 
(c) exothermic olefin binding, rate-determining binding step; 113,136 and (d) endothermic 
olefin binding, rate determining binding step.
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Recent computational investigations72,85,87 have shown that in  the presence o f 
counterions, the energy profiles for a number o f Group 4 polymerization catalysts 
including metallocenes, constrained geometry, phosphinimide and ketimide systems 
resemble path (a) (Figure 4.32), in  which olefin complexation is endothermic and the 
insertion barrier is the highest energy step. These studies have suggested that electron 
donating substituents could thus increase polymerization activity by decreasing the
  Qf Q<7
barrier to olefin complexation (Figure 4.33). ’ ’
Our current results are in  general agreement w ith other theoretical studies
79 8^ 87
performed on Group 4 catalysts, ’ ’ and suggest that electron donating groups could 
increase the rate o f the firs t and second insertion o f cyclopentadienyl titanium 
phosphinimide catalysts, prim arily by reducing the interaction between the metal center 
and the counterion, thus reducing the barrier to ethylene coordination AHethyiene complexation 
Barrier (Figure 4.33).
However, i f  the ion pair separation energy contribution is ignored, the energy 
required to convert from  the ethylene 7t-complex to the metallacycle transition state, i.e. 
AHEthyiene insertion Barrier (Figure 4.33), would be the rate-lim iting step for the firs t and 
second insertion o f ethylene. In these insertions, electron withdrawing groups decrease 
the insertion barriers and, therefore, would be expected to increase the polymerization 
rates for CpTiMe2 [NPR3]-based catalysts. This is in  contrast to the experimental results, 13 
and highlights the need to include the influence o f ion pair separation in computational
79 80  8 S 87studies for the prediction o f activities o f Group 4 catalysts. ’ ’ ’
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Figure 4.33. Schematic representation for the barrier to ethylene coordination AHEthyiene 
complexation Barrier, the energy required to pass from the ethylene 7i-complex to the 
metallacycle transition state, AHnthyiene insertion Barrier, and the total insertion barrier AH jotai
Barrier’
4.6 Summary and Conclusions
In summary, the effects o f the electronic properties o f the phosphinimide ligand 
on the firs t two insertions o f ethylene w ith the model catalyst system 
CpTiMe2 [NPR3 ]/B C l3 (R = Me, NH 2 , H, Cl, F) has been investigated w ith DFT. This 
study predicts that the firs t insertion o f ethylene should be slower than the second 
insertion, regardless o f the electronic properties o f the phosphinimide. The 
polymerization barriers for the propyl cations are lower, both because o f the lower ion 
pair separation energies and lower barriers from the ethylene complex to the transition 
state relative to the methyl analogues. This is in  general agreement w ith  experimental
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results performed using metallocene catalysts, 45 and previous computational work on 
constrained geometry catalysts. 72
It should be noted that it is unlikely that the anion and cation are infin ite ly 
separated during the polymerization process; therefore, improved models for 
polymerization would include the direct insertion o f ethylene into the ion pair.72,85,87 
Despite the lim itations o f the model pathway studied, including the counterion in the 
model is essential to rationalize the experimental results.
This DFT study has illustrated that electron donating substituents should be 
beneficial to the polymerization activity o f CpTiMe2 [NPR.3 ] catalysts. Complexes w ith 
electron donating phosphinimide ligands exhibit more exothermic ion pair formation 
energies during the establishment o f the ion pairs CpTiMe[NPR3 ]-p-M eBC l3 (R = Me, 
NH 2 , H, Cl, F). In addition, electron donating groups should increase the polymerization 
activity prim arily by assisting displacement o f the counterion prior to coordination o f the 
ethylene monomer. However, the electron donating substituents do not lower the energy 
barrier associated w ith  the transformation from the bound ethylene complexes to the 
insertion transition state. On the contrary, electron withdrawing substituents on the 
phosphinimide ligand lower the energy barrier for this transition. Therefore, this suggests 
that displacement o f the counterion represents the largest contribution to the overall 
barrier to ethylene insertion in Group 4 catalyst systems, such as cyclopentadienyl 
titanium phosphinimide catalysts, in which electron donating substituents enhance 
polymerization activity. These predictions are in general agreement w ith other theoretical
77  8 ^ 0 7
studies performed on Group 4 catalysts. ’ ’
This study has implications for catalyst design o f active titanium  phosphinimide 
catalysts, namely that displacing the counterion to form an olefin complex is a key 
consideration. Once the ethylene complex has formed, the energy barrier relating to 
insertion into the T i-a lky l bond should be very low  ( < 0 - 4  kcal mol-1), regardless o f the 
electronic properties o f the phosphinimide. For these reasons, synthetic efforts to use 
bulky, electron donating substituents on phosphinimide ligands to create new, highly 
active ethylene polymerization catalysts w ill be the focus o f subsequent chapters.
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Chapter 5 CpTiCl2[NP(R)2(2-CH2Py)]: Synthesis, 
Structural Characterization and Polymerization 
Testing
5.1 Introduction
As discussed in Chapter 2 and demonstrated in Chapter 3, cyclopentadienyl 
titanium complexes containing the [NP(/-Bu)3]“  ligand are very high activity catalysts 
upon activation by an appropriate co-catalyst. 5,13 Through continuing efforts to discover 
new ethylene polymerization catalysts based on the phosphinimide ligand, a range o f 
phosphinimide derivatives have been synthesized. 5' 7 ,10,13,16 Recent success in these 
investigations include phosphinimide ligands w ith  benzyl substituents that have been
07
used to synthesize high activity catalyst precursors such as C p*T iC l2 [NP(/-Bu)2(Bn)]. 
However, despite these successes, the phosphinimide complexes w ith the highest
  C i -5
reported activities are those w ith the bulky [NP(/-Bu)3] ligand. ’
In a separate study related to main group chemistry, Leung and co-workers 
recently reported the synthesis o f a related phosphinimine ligand w ith  a pendant pyridine 
group, Me3 SiNP(/-Pr)2(2 -CH2Py) , 170 that is structurally sim ilar to Me3SiNP(f-Bu)2(Bn) 
(Figure 5.1). One method to increase the steric bulk o f a phosphinimide ligand in situ, 
and potentially increase the polymerization activity, could be to include a donor group, 
such as a pyridyl unit, which could form donor-acceptor complexes w ith  Lewis acids.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.







Me3 SiNP(/-Pr)2 (2-CH2Py) Me3 SiNP(f-Bu)2 (Bn)
Figure 5.1. Me3 SiNP(/-Pr)2(2-CH2Py) 170 and Me3SiNP(f-Bu)2(Bn).
Thus, to determine i f  the pyridine group in the [NP(z-Pr)2(2 -CH2P y )r ligand 
could improve polymerization activity, a series o f new cyclopentadienyl titanium 
complexes o f the general formula, Cp'TiC l2 [NP(R)2 (2 -CH2Py)] (Cp' = Cp, Cp*; R = /'-Pr, 
/-Bu) have been synthesized. The syntheses and results obtained from polymerization 
testing o f these complexes using the Btichi polymerization reactor are discussed below.
5.2 Experimental
5.2.1 General Considerations
A ll preparations were performed employing an atmosphere o f dry, oxygen-free 
nitrogen u tiliz ing  standard Schlenk line techniques or an MBraun inert atmosphere glove 
box. !H, 11B { 1H }, 13C {!H }, I9F, and 31P {1H } NM R data were acquired on Bruker Avance 
300 or 500 M Hz spectrometers. 'H  and ^ C j'H } NM R chemical shifts are listed 
downfield from  tetramethylsilane in parts per m illion  (ppm), and were referenced to the
T1 1residual proton or carbon peak o f the solvent. P{ H } NM R chemical shifts were 
referenced relative to 85% H 3PO4 as an external standard. 11B { 'H } and I9F NMR 
chemical shifts were referenced relative to external standards: BF3 Et20  and 80% CC13F 
in CDC13, respectively. Combustion analyses were performed by UWindsor Analytical 
Services. GPC analyses o f the polymers were performed by N O VA Chemicals Corp., 
employing a Waters 150C GPC instrument using 1,2,4-trichlorobenzene as the mobile
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phase at 140°C. The samples were prepared by dissolving the polymer in  the mobile 
phase solvent in  an external oven at 0 .1 % (w /v) and were filtered before injection. 
Molecular weights are expressed as polyethylene equivalents w ith a relative standard 
deviation o f 2.9% and 5.0% for the M n and M w, respectively.
5.2.2 Solvents
Anhydrous solvents including toluene, pentane, hexanes, and CH2CI2 were 
purchased from  A ldrich Chemical Co., and were purified w ith Grubbs’ column 
systems109 manufactured by Innovative Technology. CeD6 was purchased from 
Cambridge Isotopes Laboratories and degassed by at least 4 freeze/pump/thaw cycles 
before storing over 4 A molecular sieves or Na.
5.2.3 Materials
H yflo Super Cel® (Celite) was purchased from A ldrich Chemical Co. and dried 
for 1 2  hours in  a vacuum oven prior to use. 4 A molecular sieves were purchased from 
Aldrich Chemical Co. and dried at 100 °C under vacuum using a Schlenk line.
5.2.4 Reagents
P(z'-Pr)2 (2-CH2Py) (5.1),174 P(t-Bu)2 (2-CH2Py) (5.2),175 Me3 SiNP(/-Pr)2 (2-CH2Py)
(5.3),170 and CpTiC l3 176 were prepared via literature methods. Me3 SiN3 was purchased 
from A ldrich Chemical Co. and used without further purification. C p*TiC l3 was 
purchased from Strem and used without further purification. B(C 6F5) 3 was generously 
donated by Nova Chemicals Corp. and used w ithout further purification.
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5.2.5 Phosphinimines
Me3 SiNP(t-Bu)2(2-CH2Py) (5.4): To a solution o f P(f-Bu)2(2-CH2Py) (5.2) (1.99 g, 8.38 
mmol) in  toluene (30 m L) was added Me3 SiN3 (2.24 mL, 16.9 mmol). The resulting 
solution was heated at refluxing temperature for 48 hours. The volume o f the solution 
was reduced to ~ 5 mL, and the solution was filtered through Celite. The remaining 
solvent and excess Me3 SiN3 were removed under vacuum, resulting in  a pale yellow o il, 
which was pure as indicated by 'H  and 31P {1H } NM R analysis. Y ield (2.06 g, 6.36 mmol, 
76%). 31P {1H } NM R (121 MHz, C6D6) 8 : 25.9 (s). NM R (300 MHz, C6D6) 8 : 8.41 (d, 
1H, 3JH-h = 4 Hz, P y ), 7.44 (m, 1H, P y ), 7.17 (m, 1H, P y ), 6.65 (m, 1H, P y ), 3.14 (d, 2H, 
2Jp.h  = 11 Hz, CH2), 1.04 (d, 18H, 3JP.H = 14 Hz, C(CH3)3), 0.30 (s, 9H, Si(CH3)3). 
^ C ^ H } NM R (75.5 MHz, C6D6) 8 : 157.0 (d, 2JP.C = 7 Hz, P y , (ipso-C)), 149.4 (s, P y), 
135.3 (s, P y ), 126.1 (s, P y ), 121.6 (s, P y ), 37.5 (d, % .c = 61 Hz, C(CH3)3), 34.8 (d, V c  
-  53 Hz, CH2), 27.8 (s, C(CH3)3), 5.3 (s, Si(CH3)3).
5.2.6 Titanium Complexes
CpTiCl2 [NP(/-Pr)2 (2-CH2Py)] ( 5 . 5 ) :  To a yellow slurry o f CpTiC l3 (0.370 g, 1.69 mmol) 
in toluene (40 m L) was added a solution o f Me3 SiNP(/-Pr2)(2-CH 2Py) ( 5 . 3 )  (0.501 g, 
1.69 mmol) in  toluene (10 mL). The resulting solution was stirred for 12 hours at room 
temperature. The solvent and volatile products were removed under vacuum to cause the 
formation o f a yellow  crystalline solid, which was washed w ith hexanes and dried under 
vacuum. Y ield (0.641 g, 1.57 mmol, 93%). 31P {1H } NM R (202 MHz, C6D6) 8 : 31.7 (s). 
*H NMR (500 MHz, C6D6) 8 : 8.25 (br, 1H, P y ), 7.40 (m, 1H, P y ), 7.15 (m, 1H, P y ), 6.58 
(m, 1H, P y ), 6.34 (s, 5H, Cp), 2.97 (d, 2H, 2JP.H = 13 Hz, CH2), 1.68 (d(sept), 2H, 3JP.H =  
10 Hz, 3JH-h  = 7 Hz, CH(CH3)2), 0.94 (dd, 6 H, 3JP.H = 16 Hz, 3J H-h  = 7 Hz, CH(CH3)2) 
0.86 (dd, 6 H, 3JP.H = 17 Hz, 3JH-h = 7 Hz, CH(CH3)2). l3C{lH} NM R (75.5 MHz, C6D6) 
8 : 153.1 (d, 2JP-C =  7 Hz, P y  (ipso-C)), 149.7 (s, P y ), 135.6 (s, P y ), 126.6 (s, P y), 122.6 
(s, P y), 115.5 (s, Cp), 33.8 (d, V c  =  51 Hz, CH2), 27.3 (d, V c  = 59 Hz, CH(CH3)2),
16.1 (inequivalent overlapping doublets, 2JP_c = 6  Hz, CH(CH3)2). EA found C, 49.95; H,
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6.41; N, 6.76; calculated C, 50.15; H, 6.19; N, 6 .8 8 . X-ray quality crystals were obtained 
via slow evaporation o f a toluene solution.
CpTiCl2 [NP(f-Bu)2 (2-CH 2Py)] (5.6): To a yellow slurry o f CpTiC l3 (0.216 g, 0.985 
mmol) in  toluene (15 m L) was added a solution o f Me3 SiNP(/-Bu)2(2 -CH2Py) (5.4) 
(0.359 g, 1.11 mmol) in  toluene (15 mL). The resulting solution was stirred for 12 hours 
at room temperature. The solvent and volatile products were removed under vacuum to 
cause the formation o f a yellow crystalline solid, which was washed w ith hexanes and 
dried under vacuum. Y ield (0.320 g, 0.735 mmol, 75%). 31P {1H } NM R (202 MHz, C6D6) 
6 : 36.6 (s). *H NM R  (500 MHz, C6D6) 5: 8.32 (d, 1H, 3JH-h = 5 Hz, Py), 7.65 (d, 1H, 3JH. 
H = 8  Hz, Py), 7.26 (m, 1H, Py), 6.63 (pseudo t, 1H, 3JH-h  = 6  Hz, Py), 6.26 (s, 5H, Cp),
3.06 (d, 2H, 2Jp_n = 11 Hz, CH2), 1.07 (d, 18H, 3JP.H = 15 Hz, C(CH3)3). 13C {]H } NMR 
(75.5 MHz, C6D6) 6 : 153.7 (d, 2JP.C = 8  Hz, Py, (ipso-C)), 149.6 (s, Py), 136.7 (s, Py),
127.7 (d, 3JP.C = 3 Hz, Py), 122.6 (s, Py), 115.7 (s, Cp), 39.5 (d, V c  = 51 Hz, C(CH3)3), 
33.0 (d, V c  = 46 Hz, CH2), 27.4 (s, C(CH3)3). EA found C, 52.34; H, 6.69; N, 6.33; 
calculated C, 52.44; H, 6.72; N, 6.44. X-ray quality crystals were obtained via slow 
evaporation o f a toluene solution.
C p*TiC l2 |XrP(z-Pr)2 (2-CH2Py)] (5.7): To a red solution o fC p *T iC l3 (0.494 g, 1.71 mmol) 
in toluene (40 mL) was added a solution o f Me3 SiNP(/-Pr)2(CH2Py) (5.3) (0.508 g, 1.71 
mmol) in  toluene (10 mL). The resulting solution was stirred for 12 hours at room 
temperature. The solvent and volatile products were removed under vacuum to cause the 
formation o f an orange solid. Y ield (0.748 g, 1.57 mmol, 92%). 31P{*H } NM R (202 
MHz, C6D6) 8 : 30.6 (s). lU NM R (500 MHz, C6D6) 8 : 8.24 (d, 1H, 3JH-h  = 4 Hz, Py), 7.18 
(d, 1H, 3J h -h  = 6  Hz, Py), 7.06 (m, 1H, Py), 6.55 (pseudo t, 1H, 3Jh -h  = 6  Hz, Py), 3.39 (d, 
2H, 2Jp .h = 15 Hz, CH2), 2.18 (s, 15H, C5(CH3)5), 1.93 (d(sept), 2H, 3JP.H = 10 H z , 3JH-h = 
7 Hz, CH(CH3)2), 1.07 (dd, 6 H, 3JP.H = 16 Hz, 3JH-h = 7 Hz, CH(CH3)2), 0.94 (dd, 6 H, 
3Jp.h = 16 Hz, 3JH-h  = 7 Hz, CH(CH3)2). ° C { 1H } NM R (75.5 MHz, C6D6) 8 : 154.2 (d, 2JP. 
c = 6.5 Hz, Py, (ipso-C)), 149.7 (s, Py), 135.8 (s, Py), 126.3 (s, C 5 (CH3)5), 126.2 (s, Py),
122.1 (s, Py), 35.1 (d, V c  = 51 Hz, CH2), 27.6 (d, lJP.c = 59 Hz, CH(CH3)2), 16.6 (d, 
2JP.C = 2 Hz, CH(CH3)2), 16.3 (d, 2JP.C = 2 Hz, CH(CH3)2), 13.5 (s, C5(CH3)5). EA found
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C, 55.13; H, 7.49; N, 5.58; calculated C, 55.36; H, 7.39; N, 5.87. X-ray quality crystals 
were obtained via slow evaporation o f a toluene solution.
Cp*TiC l2 [NP(f-Bu)2 (2-CH2Py)] (5.8): To a red solution o f C p*TiC l3 (0.447 g, 1.54 
mmol) in  toluene (50 mL) was added a solution o f Me3 SiNP(f-Bu)2(2 -CH2Py) (5.4) 
(0.550 g, 1.69 mmol) in  toluene (15 mL). The resulting solution was stirred for 48 hours 
at room temperature. The solvent and volatile products were removed under vacuum to 
cause the formation o f an orange crystalline solid, which was washed w ith hexanes and 
dried under vacuum. Y ield (0.561 g, 1.11 mmol, 72%). 3 1P {1H } NM R (202 MHz, CeDe) 
5: 38.0 (s). *H NM R (500 MHz, C6D6) 5: 8.28 (d, 1H, 3JH-h = 4 Hz, P y ), 7.61 (d, 1H, 3JH. 
h  = 6  Hz, P y ), 7.16 (m, 1H, P y ), 6.59 (pseudo t, 1H, 3Jh-h  = 6  Hz, P y ), 3.59 (d, 2H, 2Jp.h  
= 14 Hz, CH2), 2.19 (s, 15H, C5(CH3)5), 1.17 (d, 18H, 3JP.H = 15 Hz, C(CH3)3). ^ C ^ H } 
NM R (75.5 MHz, C6D6) 8 : 154.9 (d, 2JP.C = 7 Hz, P y , (ipso-C)), 149.4 (s, P y ), 136.7 (s, 
P y ), 127.1 (d, 3JP.C = 4 Hz, P y ), 126.2 (s, C 5(CH3)5), 122.3 (s, P y ), 39.5 (d, V c  = 52 Hz, 
C(CH3)3), 35.7 (d, V c  = 45 Hz, CH2), 28.1 (s, C(CH3)3), 13.5 (s, C5(CH3)5). EA found 
C, 56.52; H, 7.75; N, 5.65; calculated C, 56.23; H, 7.59; N, 5.70. X-ray quality crystals 
were obtained via slow evaporation o f a toluene solution.
CpTiCl2 [NP(/-Pr)2 (2 -CH2Py)]-B(C6F5)3  ( 5 . 9 ) :  To a yellow solution o f CpTiCl2 [NP(/- 
Pr)2(2-CH2Py)] ( 5 . 5 )  (0.020 g, 0.49 mmol) in benzene (2 mL) was added a solution o f 
B(CeF5 )3  (0.025 g, 0.049 mmol) in  benzene (2 mL). The resulting clear yellow  solution 
was stirred for 5 minutes. The solvent was removed under vacuum to produce a yellow 
solid. Y ield (0.044 g, 0.48 mmol, 98%). 31P {1H } NM R (121 MHz, C6D6) 8 : 30.2 (s). *H 
NMR (300 MHz, C6D6) 8 : 9.46 (d, 1H, 3JH-h = 8  Hz, P y ), 8.35 (m, 1H, P y ), 7.53 (m, 1H, 
P y), 6.35 (m, 1H, P y ), 6.24 (s, 5H, Cp), 3.43 (dd, 1H, 2JP.H =  12 Hz, 3JH-h = 1 6  H z ,  CH2), 
3.13 (dd, 1H, 2Jp.h  = 12 Hz, 3JH-h = 16 Hz, CH2), 1.69 (d(sept), 1H, 2JP.H = 9 Hz, 3JH-h = 7 
Hz, CH(CH3)2), 0.94 (m, 1 H, CH(CH3)2), 0.76 (dd, 3H, 3JP.H = 17 Hz, 3JH-h  = 7 Hz, 
CH(CH3)2), 0.74 (dd, 3H, 3JP.H = 17 Hz, 3JH-h = 7 Hz, CH(CH3)2), 0.69 (dd, 3H, 3JP.H = 
17 Hz, 3JH-h = 7 Hz, CH(CH3)2), 0.29 (dd, 3H, 3JP.H = 17 Hz, 3JH-h = 7 Hz, CH(CH3)2). 
n B {‘H } NM R (96.3 MHz, C6D6) 8 : -3.4 (s). 19F NM R (282 MHz, C6D6) 8 : -126.4 
(pseudo t, IF , 3Jf . f  = 25 Hz), -127.0 (br, IF ), -130.4 (d, IF , 3JF-f = 23 Hz), -132.6 (br, 2F),
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-135.2 (pseudo t, IF , 3Jf-f -  25 Hz), -153.7 (pseudo t, IF , 3Jf-f -  21 Hz), -154.1 (pseudo t, 
IF , 3Jf.f = 21 Hz), -155.8 (pseudo t, IF , 3JF.F = 21 Hz), -160.8 (m, IF ), -162.0 (m, IF ), -
162.1 (m, IF ), -162.6 (m, IF ), -163.3 (m, IF ), -164.0 (m, IF ). 13C {*H } NM R (75.5 MHz, 
CgD^) (Partial: Some resonances in the C6F5 rings could not be observed.) 8 : 153.4 (s, Py 
(1ipso-C)), 148.9 (s, Py), 148.2 (broad overlapping doublets, 'Jc-f ~ 240 Hz, C 6F5), 143.8 
(s, Py), 138.1 (broad overlapping doublets, !Jc -f ~ 230 Hz, C 6F5), 131.6 (s, Py), 124.2 (s, 
Py), 116.3 (s, Cp), 28.3 (d, 1JPjC = 51 Hz, CH2), 28.2 (d, V c  = 60 Hz, CH(CH3)2), 28.1 
(d, V c = 59 Hz, CH(CH3)2), 16.2 (s, CH(CH3)2), 15.8 (d, 2JP.C = 3 Hz, CH(CH3)2), 15.3 
(s, CH(CH3)2), 15.2 (d, 2JP.C = 3 Hz, CH(CH3)2). EA found C, 45.33; H, 3.04; N, 2.93; 
calculated C, 45.74; H, 2.74; N, 3.05.
CpTiCl2 [NP(/-Bu)2 (2 -CH2Py)]-B(C6F5 ) 3 (5.10): To a yellow suspension o f CpTiCl2 [NP(/- 
Bu)2(2-CH2Py)] (5.6) (0.020 g, 0.46 mmol) in benzene (2 mL) was added a solution o f 
B(C6Fs) 3 (0.024 g, 0.047 mmol) in benzene (2 mL). The resulting yellow  suspension was 
stirred for 5 minutes. The yellow suspension was filtered through Celite and the solvent 
was removed under vacuum to produce a yellow solid. Y ield (0.037 g, 0.39 mmol, 85%). 
31P{*H} NM R (121 MHz, C6D6) 5: 36.3 (s). *H NM R (300 MHz, C6D6) 8 : 9.63 (d, 1H, 
3JH-h = 8  Hz, Py), 8.42 (m, 1H, Py), 7.52 (m, 1H, Py), 6.37 (m, 1H, Py), 6.30 (s, 5H, Cp), 
3.59 (dd, 1H, 2Jp.h = 13 Hz, 3JH-h = 18 Hz, CH2), 2.88 (dd, 1H, 2JP.H = 9 Hz, 3JH-h = 18 
Hz, CH2), 0.85 (d, 9H, 3JP.H = 15 Hz, C(CH3)3), 0.68 (d, 9H, 3JP.H = 16 Hz, C(CH3)3). 
11B {1H } NM R (96.3 MHz, C6D6) 8 : -3.4 (s). 19F NM R (282 MHz, C6D6) 8 : -125.8 
(pseudo t, IF , 3JF-f = 25 Hz), -126.6 (br, IF ), -130.9 (d, IF , 3JF.F = 25 Hz), -131.7 (br, 
IF ), -132.8 (m, IF ), -135.5 (m , IF ), -153.6 (pseudo t, IF , 3JF-f = 20 Hz), -154.6 (pseudo t, 
IF , 3JF-f = 20 Hz), -155.8 (pseudo t, IF , 3Jf .f  = 20 Hz), -160.8 (m, IF ), -160.8 (m, IF ), -
161.7 (m, IF ), -162.4 (m, 2F), -162.8 (m, IF ), -163.6 (m, IF). “ C ^H } NM R (75.5 MHz, 
CeDs) (Partial: Some resonances in the C6F5 rings could not be observed.) 8: 153.8 (s, Py, 
(ipso-C)), 149.4 (s, Py), 143.6 (s, Py), 137.8 (broad overlapping doublets, ^c -f ~ 260 Hz, 
C6F5), 131.8 (s, Py), 124.1 (s, Py), 116.5 (s, Cp), 40.3 (d, V c  = 53 Hz, C(CH3)3), 39.6 
(d, V c  = 53 Hz, C(CH3)3), 26.9 (s, C(CH3)3), 26.6 (s, C(CH3)3), 26.1 (d, V c  = 41 Hz, 
CH2). EA found C, 47.33; H, 2.94; N, 2.70; calculated C, 46.92; H, 3.09; N, 2.96.
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Cp*TiM e2 [NP(/-Bu)2(2 -CH2Py)] (5.14): To a yellow  suspension o f C p*TiC l2 [NP(f- 
Bu)2(CH2Py)] (5.8) (0.306 g, 0.605 mmol) in  a mixture o f diethyl ether (30 mL) and 
toluene (50 m L) cooled to -78 °C was added 3.0 M  MeMgCl in  THF (0.38 mL, 1.14 
mmol). The resulting yellow  suspension was stirred at -78 °C for ~ 20 minutes and then 
was slowly warmed to room temperature over a period o f 1.5 hours. The solvent was 
removed under vacuum, and the crude residue was extracted w ith  hexanes. The 
suspension was filtered through Celite and the solvent was removed under vacuum to 
yield a crude brown solid. Subsequent recrystallization attempts from hexanes produced a 
yellow solid that was 95% pure by 31P {'H } NM R analysis. Y ield (0.155 g, 0.336 mmol, 
59%) 3 1P {'H } NM R (121 MHz, C6D6) 8 : 22.9 (s). 'H  NM R (300 MHz, C6D6) 6 : 8.39 (d, 
1H, 3JH-h  = 4 Hz, Py), 7.61 (d, 1H, 3JH-h  = 6  Hz, Py), 7.16 (m, 1H, Py), 6.63 (m, 1H, Py), 
3.35 (d, 2H, 2Jp.H = 12 Hz, CH2), 2.04 (s, 15H, C5(CH3)5), 1.21 (d, 18H, 3JP.H = 14 Hz, 
C(CH3)3), 0.41 (s, 6 H, T i(C H 3)2). 13C {]H } NM R (75.5 MHz, C6D6) 8 : 156.2 (d, 2JP.C = 6  
Hz, Py, (ipso-C)), 149.6 (s, Py), 135.9 (s, Py), 127.1 (s, Py), 122.0 (s, Py), 118.8 (s, 
C 5(CH3)5), 44.5 (s, T i(C H 3)2, 39.4 (d, V c  = 54 Hz, C(CH3)3), 36.1 (d, V c  -  45 Hz, 
CH2), 28.2 (s, C(CH3)3), 12.6 (s, C5(CH3)5). EA found C, 66.16; H, 9.97; N, 6.25; 
calculated C, 67.23; H, 9.76; N, 6.03.
5.2.7 X-Ray Experimental
X-ray Data Collection and Reduction: The single crystals were manipulated and mounted 
in glass capillaries in  a glove box, thus maintaining a dry, 0 2 -free environment. The 
diffraction experiments were performed on a Siemens SMART System CCD 
diffractometer at 20°C w ith  Mo K a radiation (k = 0.71069 A). The observed extinctions 
were consistent w ith  the space groups determined for each sample. Measures o f decay 
were obtained by re-collecting the firs t 50 frames o f each data set. The intensities o f 
reflections w ith in  these frames showed no statistically significant change over the 
duration o f the respective data collections. Empirical absorption corrections based on 
redundant data were applied to each data set. Subsequent solution and refinement were 
performed using the SHELXTL solution package.
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Structure Solutions and Refinements: Non-hydrogen atomic scattering factors were taken 
from literature tabulations. 177 The heavy atom positions were determined using direct 
methods or Patterson techniques. The remaining non-hydrogen atoms were located from 
successive difference Fourier map calculations. The refinements were carried out by 
using fu ll-m atrix least squares techniques on F, m inim izing the function co( | F01 - 1 Fc | ) 2 
where the weight to is defined as 4F02/2a(F02) and F0 and Fc are the observed and 
calculated structure factor amplitudes. In the fina l cycle o f each refinement, all non­
hydrogen atoms were assigned anisotropic temperature factors, except where noted 
otherwise. Carbon-bound hydrogen atom positions were calculated and allowed to ride on 
the carbon to which they are bonded, assuming a C-H bond length o f 0.95 A. Hydrogen 
atom temperature factors were fixed at 1 . 2  times the isotropic temperature factor o f the 
carbon atom to which they are bonded. The hydrogen atom parameters were calculated, 
but not refined.
X-ray structural solutions o f CpTiCl2 [NP(i-Pr)2 (2 -CH2Py)] (5.5), CpTiC l2 [NP(/-Bu)2(2- 
CH2Py)] (5.6), C p*TiC l2 [NP(z'-Pr)2(2-CH2Py)] (5.7) and C p*TiC l2 [NP(t-Bu)2 (2-CH2Py)] 
(5.8) were performed as described above. Cell parameters, R, Rw and GoF values are 
located in Table 5.1, while detailed structural parameters have been included as an 
appendix on CD (Appendix H). No residual electron density remained in any o f the 
solutions that were o f any chemical significance. ORTEP drawings o f 5.5, 5.6, 5.7 and 
5.8 are depicted in F igure 5.4, while select bond distances and angles are provided in 
Table 5.3.
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Table 5.1. Crystallographic parameters for CpTiCl2 [NP(i-Pr)2 (2-CH2Py)] (5.5), 
CpTiCl2 [NP(f-Bu)2(2-CH2Py)] (5.6), C p*TiC l2 [NP(i-Pr)2(2-CH 2Py)] (5.7) and 
Cp*TiC l2 [NP(f-Bu)2 (2-CH2Py)] (5.8).
Crystal 5.5 5.6 5.7 5.8
Molecular Formula C17H25Cl2N2PTi C19H29Cl2N2PTi C22H35Cl2N2PTi C24H39Cl2N2PTi
Formula Weight 407.16 435.21 477.29 505.34
a (A) 26.51(1) 9.745(6) 20.41(1) 9.773(5)
b (A) 8.170(4) 12.713(8) 7.769(4) 17.010(9)
c (A) 18.58(1) 17.94(1) 16.455(9) 16.414(9)
a (°) 90.00 90.00 90.00 90.00
P O 97.87(1) 98.34(1) 102.29(1) 99.04(1)
Y(°) 90.00 90.00 90.00 90.00
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic
Space Group C2/c P2(l)/n P2(l)/c P2(l)/c
Volume (A3) 3987(4) 2199(2) 2549(2) 2695(3)
Dcalc (gem"3) 1.357 1.314 1.244 1.246
Z 8 4 4 4
Abs coeff, p., mm- 1 0.778 0.710 0.618 0.589
0  range (°) 2.21-23.29 1.97-23.24 2.04-23.38 1.74-23.23
Reflections Collected 8193 9012 10674 11234
Data F02 > 3c>(F02) 2839 3138 3676 3839
Parameters 208 226 253 271
R (%) 0.0312 0.0351 0.0561 0.0349
Rw(%) 0.0849 0.0909 0.1141 0.0895
Goodness o f Fit 1 . 0 1 0 1.026 1.018 1.031
The data were collected at 20°C with Mo Ka radiation (A. = 0.71069 A)
R = 2 | I F. | - 1 F J  I / S | F0 | , Rw = [S ( I F0 | - | f c|)2/S  I F0 | 2 ] ° 5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 5 -  Titanium Pyridyl-Phosphinimide Complexes____________ 113
5.2.8 Polymerization Protocol
Purification o f reagents used in the polymerizations were sim ilar to that described 
in Section 3.2.2 and Section 3.2.3. Polymerization experiments were performed using the 
Biichi polymerization reactor according to the general procedures described in Section 
3.3. In all polymerizations, the reactor was cleaned as described in  Section 3.3.1. 600 mL 
o f toluene were transferred into the reactor, heated to 30 °C +/- 2 °C and pre-saturated 
w ith ethylene prior to injection o f catalyst and co-catalyst, as described in Section 3.3.2, 
The solution was stirred at 1000 RPM for the duration o f the polymerization experiment. 
A t the end o f the experiments, the polymer was collected and treated as described in 
Section 3.3.6.
For the catalyst precursors CpTiCl2[NP(z'-Pr)2(2-CFI2Py)] (5.5), CpTiCl2[NP(f- 
Bu)2(2-CH2Py)] (5.6), C p*TiC l2[NP(i-Pr)2(2-CH2Py)] (5.7) and C p*TiC l2[NP(f-Bu)2(2- 
CH2Py)] (5.8), polymerization experiments were conducted for 30 minutes employing 
MAO as the co-catalyst. In  these polymerizations, 500 equivalents o f M AO were injected 
into the reactor and the solution was stirred for 5 minutes prior to injecting a toluene 
solution o f the titanium  dichloride pre-catalyst. Catalyst concentrations o f 100 pmol/L 
were employed, thus 0.060 mmol o f catalyst in  8 mL o f toluene was injected.
For the catalyst precursor Cp*TiM e2[NP(t-Bu)2(2-CH2Py)] (5.14), 1, 2 and 10 
equivalents o f B(C 6Fs) 3  were used as the co-catalyst, while 20 equivalents o f T/BA1 were 
used as a scavenger. Catalyst concentrations o f 20 pm ol/L were employed, thus 0.012 
mmol o f catalyst in  4 mL o f toluene were injected. These polymerization experiments 
were conducted for 10 minutes.
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5.3 Results and Discussion
5.3.1 Synthesis of the Phosphinimines
The phosphinimine ligands Me3 SiNPR2(2 -CH2Py) (R = z’-Pr (5.3),170 R = Z-Bu 
(5.4)) were prepared via reaction o f the phosphines PR2 (2 -CH2Py) (R = z-Pr (5.1),174, R = 
t-Bu (5.2)175) w ith Me3SiN3 in  toluene at refluxing temperatures (Figure 5.2).170 The new 
ligand Me3 SiNP(f-Bu)2 (2 -CH2Py) (5.4), was analyzed by 'H , 3 IP {‘H } and 13C {'H } NMR 
spectroscopy, and a ll data were consistent w ith the proposed formulation. The 31P {1H} 
NMR spectrum displayed a single resonance at 29.5 ppm, while the 7H NM R spectrum 
displayed four resonances in the aromatic region (8.41, 7.44, 7.17 and 6.65 ppm, 
respectively), two doublets at 3.14 and 1.04 ppm, assigned to the CH2 and Z-Bu groups,
10 1
respectively, and a singlet at 0.30 ppm, assigned to the Me3Si group. The C{ H } NMR 
displayed five aromatic resonances (157.0, 149.4, 135.3, 126.1 and 121.6 ppm, 
respectively), and four resonances in the alkyl region (37.5, 34.8. 27.8 and 5.3 ppm, 
respectively).
P(z’-Pr)2 (2-CH 2 Py) (5.1) 
P(t-Bu)2 (2-CH2Py) (5.2)




Me3SiNP(z'-Pr)2 (2-CH2 Py) (5.3) 
Me3SiNP(f-Bu)2 (2-CH 2Py) (5.4)
Figure 5.2. Synthesis o f the phosphinimine ligands Me3 SiNPR2 (2 -CH2Py) (R = z'-Pr
(5.3),170 R = t-Bu (5.4)).
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5.3.2 Syntheses of the Titanium Dichloride Complexes
The titanium  dichloride complexes Cp'TiC l2 [NP(R)2(2 -CH2Py)] (Cp' = Cp, R = z'- 
Pr (5.5), Z-Bu (5.6); Cp' = Cp*, R = z'-Pr (5.7), t-Bu (5.8)) were prepared via reaction o f 
the phosphinimine ligands Me3 SiNPR2 (2-CH2Py) (R = z'-Pr (5.3),170 R = t-Bu (5.4)) with 
CpTiCl3 and C p*TiC l3 in  toluene at room temperature (Figure 5.3).
Figure 5.3. Synthesis o f the cyclopentadienyl titanium  dichloride complexes 
Cp'TiCl2 [NP(R)2 (2-CH2Py)] (Cp' = Cp, R = z'-Pr (5.5), t-Bu (5.6); Cp' = Cp*, R = z'-Pr
(5.7), Z-Bu (5.8)).
T1 1A ll reactions were monitored by P{ H } NM R spectroscopy. For complexes 5.5,
5.6 and 5.7, all reactions were complete w ith in approximately 12 hours; however, 5.8 
required reaction times up to 48 hours, most like ly due to the combination o f the bulky Z- 
Bu substituents on the phosphinimide ligand, Me3 SiNP(Z-Bu)2(2-CH2Py) (5.4), and the 
bulky Cp* ligand on the titanium  center.
Complexes Cp'TiC l2 [NP(R)2(2-CH2Py)] (Cp' = Cp, R = z'-Pr (5.5), t-Bu (5.6); Cp' 
= Cp*, R = z'-Pr (5.7), Z-Bu (5.8)) were analyzed by elemental analysis and 'H , 31P {'H } 
and 13C {!H } NM R spectroscopy; all o f the data were consistent w ith the proposed 
formulations. The *H NM R spectra o f 5.5 and 5.7 displayed two doublets o f doublets 
w ith distinct chemical shifts for the methyl groups on the isopropyl fragments
Cp’TiCl3, PhMe.
R = z'-Pr (5.3), Z-Bu (5.4)
Cp' = Cp : R = z-Pr (5.5), Z-Bu (5.6) 
Cp' = Cp* : R = z'-Pr (5.7), Z-Bu (5.8)
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(Cp'TiC l2 [NP(CH(CH 3)2)2(2 -CH2Py)], indicating that the methyl groups are inequivalent. 
Additional NM R data are summarized in Table 5.2.
Table 5.2. Summary o f the *H, 31P {1H } and ^ C l'H } NM R spectral features o f the 
complexes Cp'TiC l2 [NP(R)2(2 -CH2Py)] (Cp' = Cp, R = z-Pr (5.5), t-Bu (5.6); Cp' = Cp*, 











5.5 31.7 6.34 115.5
5.6 36.6 3.06 6.26 115.7
5.7 30.6 3.39 2.18 126.3
5.8 38.0 3.59 2.19 126.2
For each complex, the 31P {1H } NM R spectrum shows a single resonance. The 
31P {1H } NM R chemical shift is very sim ilar for complexes w ith the same phosphinimide 
ligand, i.e. for 5.5 and 5.7, the chemical shifts are observed at 31.7 and 30.6 ppm, 
respectively, while fo r 5.6 and 5.8, the shifts are observed at 36.6 and 38.0 ppm, 
respectively. In the *11 NM R spectra o f the Cp* complexes, the chemical shift o f the 
methylene protons (Cp'T iC l2 [NP(R)2 (2 -CH 2Py)]) is observed downfield relative to those 
for the Cp analogues, indicating that the methylene protons o f both Cp* complexes are 
more deshielded (8(5.7) = 3.39 ppm vs. 8(5.5) = 2.97 ppm; 8(5.8) = 3.59 ppm vs. 8(5.6) =
3.06 ppm)). The ‘H NM R  spectral features o f the cyclopentadienyl ligands are similar. 
For example, for 5.5 and 5.6, the chemical shifts o f the Cp protons (C 5H 5) occur at 6.34 
and 6.26 ppm, respectively, while for 5.7 and 5.8, the chemical shifts o f the Cp* protons 
(CsMes) occur at 2.18 and 2.19 ppm, respectively. Sim ilar features are revealed in the 
^ C ^ H } NM R spectra. The complexes 5.5 and 5.6 show resonances for the Cp carbons 
(C5H5) at 115.5 and 115.7 ppm, respectively, and for 5.7 and 5.8 the Cp* carbon (CsMes) 
resonances occur at 126.3 and 126.2 ppm, respectively.
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5.3.3 X-Ray Structures of the Titanium Dichloride Complexes
The complexes C pT iC l2[NP(R)2(2-CH2Py)] (Cp' = Cp, R = z-Pr (5.5), t-Bu (5.6); 
Cp' = Cp*, R = z-Pr (5.7), Z-Bu (5.8)) were also analyzed by X-ray crystallography. 











Figure 5.4. ORTEP diagrams (50% probability ellipsoids) o f CpTiCl2[NP(z'-Pr)2(2- 
CH2Py)] (5.5), CpTiC l2[NP(Z-Bu)2(2-CH2Py)] (5.6), C p*TiC l2[NP(/-Pr)2(2-CH2Py)] (5.7) 
and C p*TiC l2[NP(/-Bu)2(2-CH2Py)] (5.8). Hydrogen atoms have been omitted for clarity.
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As is shown in Figure 5.4, the complexes Cp'TiCl2[NP(R)2(2-CH2Py)] (Cp' = Cp, 
R = z'-Pr (5.5), /-Bu (5.6); Cp' = Cp*, R = z'-Pr (5.7), /-Bu (5.8)) are monomeric, which is 
expected for cyclopentadienyl titanium phosphinimide compounds.5,7,13,78,171,178 In 
addition, the substituents o f the phosphinimide ligands are oriented such that the nitrogen 
atom in the pyridyl ring is not coordinated to the titanium center.lx Selected bond 
distances and angles are displayed in Table 5.3.
Table 5.3. Selected bond distances (A) and angles (°) for Cp'TiC l2[NP(R)2(2-CH2Py)] 
(Cp' = Cp, R = z'-Pr (5.5), /-Bu (5.6); Cp' -  Cp*, R = z'-Pr (5.7), /-Bu (5.8)).
Bond length (A) 
or Angle (°)
5.5 5.6 5.7 5.8
T il-N l (A) 1.768(2) 1.761(2) 1.775(4) 1.792(2)
N l-P l (A) 1.607(2) 1.609(2) 1.600(4) 1.597(2)
T il-C ll (A) 2.337(1) 2.315(1) 2.305(2) 2.330(1)
Til-C12 (A) 2.320(1) 2.331(1) 2.318(2) 2.323(1)
T il-N l-P l (°) 173.8(1) 170.9(2) 165.0(3) 166.5(2)
N l-T il-C ll (°) 103.12(8) 103.24(8) 1 0 2 .8 ( 1 ) 104.18(9)
N 1 -Ti 1-C12 (°) 102.70(7) 104.23(8) 103.0(2) 101.47(8)
Cl 1 -Til-C12 (°) 101.48(3) 99.54(6) 101.37(8) 100.70(4)
For a ll o f the complexes, the geometry about the T i center is pseudo tetrahedral as 
demonstrated by the N (l)-T i(l)-C l(l), N (l)-T i(l)-C l(2 ), and C l( 1 )-T i( 1 )-C l(2) bond angles 
ranging from 99.54(6)° (5.6 C ll-T il-C 12) to 104.23(8)° (5.6 N l-T il-C 12). The P (l)-N (l)- 
T i( l)  bond angles for complexes 5.5, 5.6, 5.7 and 5.8 are approximately linear at 
173.8(1)°, 170.9(2)°, 165.0(3)°, and 166.5(2)°, respectively, and are w ith in  the range o f 
158.7(1)° to 178.38(11)° fo r other reported cyclopentadienyl titanium  phosphinimide
IX Reactions of NiBr2 (DME) with the ligands Me3 SiNPR2 (2-CH2Py) (R = z'-Pr (5.3), R = Z-Bu (5.4)) 
resulted in the preparation o f the complexes NiBr2 [Me3 SiNPR2 (2-CH2Py)] (R = z'-Pr, Z-Bu), in which the 
ligand coordinated to the Ni center through both nitrogen atoms (see Appendix I). In addition, reaction of 
HNP(Z-Bu)2 CH2Py) with Ti(NEt2 ) 4 resulted in a complex which displayed monodentate and chelating 
coordination modes of the ligand (see Appendix K).
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compounds.78,171 Complexes w ith Cp* ligands have smaller P (l)-N (l)-T i( l)  bond angles 
for both phosphinimide ligands. For example, the P (l)-N (l)-T i( l)  bond angle for the Cp* 
complex 5.7 (165.0(3)°) is almost 9° less than that for the corresponding Cp complex 5.5 
(173.8(1)°). This decrease is like ly due to the greater steric influence o f the Cp* ligand 
relative to the Cp ligand.
The T i-N  distances for complexes 5.5, 5.6, 5.7 and 5.8 are 1.768(2), 1.761(2), 
1.775(4) and 1.792(2) A, respectively, and are typical for cyclopentadienyl titanium 
phosphinimide complexes.5,7,13,78’97,171,178 The T i( l)-N ( l)  bond distances for complexes
5.5 and 5.7 w ith  the smaller phosphinimide ligand, [NP(z'-Pr)2(2-CH2Py)]~, are 
approximately the same (1.768(2) A vs. 1.775(4) A). However, for the Cp complex 5.6, 
and Cp* complex 5.8 which contain the larger [NP(/-Bu)2(2-CH2P y )r ligand, the T i( l)-  
N ( l)  bond distance for 5.8 is slightly longer than for 5.6 (1.792(2) vs. 1.761(2) A). This is 
like ly due in part to greater steric repulsion between the Cp* and the bulky [NP(?-Bu)2(2- 
CH2Py)]~ ligand in  5.8, relative to the Cp analogue, 5.6.
The T i-C l and N-P bond distances for complexes 5.5, 5.6, 5.7 and 5.8 are also
S 7 1 3 78 07 171 178typical fo r cyclopentadienyl titanium phosphinimide complexes. ’ ’ ’ ’ ’ ’ T i-C l
bond distances for compounds 5.5, 5.6, 5.7 and 5.8 range from 2.305(2) A to 2.337(1) A. 
The P (l)-N (l) bond distances for compounds 5.5 and 5.6 are 1.607(2) and 1.609(2) A, 
respectively, which are essentially identical to the distances found in CpTiC l2[NP(z'-Pr)3] 
(1.609(3) A) and CpTiC l2[NPCy3] (1.606(2) A).13 For 5.7 and 5.8, the P (l)-N (l) bond 
distances o f 1.600(4) and 1.597(2) A, respectively, are very sim ilar to that o f 
Cp*TiC l2[NP(i-Bu)3] (1.595(3)).13
5.3.4 Polymerization Testing of the Titanium Dichloride Complexes
The complexes Cp'TiC l2[NP(R)2(2-CH2Py)] (Cp’ = Cp, R = z-Pr (5.5), t-Bu (5.6); 
Cp' = Cp*, R = z'-Pr (5.7), t-Bu (5.8)) were tested as ethylene polymerization catalysts 
using the Buchi polymerization reactor. A  catalyst concentration o f 100 pmol/L was 
used, and 500 equivalents o f MAO were used as a co-catalyst. The polymerizations were
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conducted at 30 °C for 30 minutes in toluene, under an atmosphere o f 2 atm o f ethylene. 
The polymerizations were conducted in duplicate, and the results are shown in Table 5.4.
Table 5.4. Polymerization testing o f pre-catalysts Cp'TiCl2[NP(R)2(2-CH2Py)] (Cp' = Cp, 











5.5 0.95 126,100 521,300 4.13 16 18
5.5 1.16 23,700 635,400 26.81 19
5.6 0.11 66,500 486,700 7.32-:-7 1.9 3.7
5.6 0.34 37,700 417,300 11.07 5.6
5.7 0.18 22,500 229,300 10.19 3.0 3.0
5.7 0.18 25,300 214,100 8.46 3.0
5.8 0.05 81,400 323,000 3.97 0.87 0.90
5.8 0.06 83,300 316,500 3.80 0.93
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, [catalyst] = 100 pmol/L, 500 equiv. MAO. 
b A ll polymerizations were conducted before the ethylene column was regenerated.
0 Activity reported to 2 significant figures.
Moderate polymerization activity was observed for complex 5.5 (18 g mmol-1 hr-1 
atm-1), while complexes 5.6 and 5.7 displayed low  polymerization activity (3.7 and 3.0 g 
mmol-1 hr-1 atm-1, respectively). The polymerization activity fo r complex 5.8 (0.90 g 
mmol-1 hr-1 atm-1) is considered to be very low.
Surprisingly, complexes 5.5 and 5.7, which contained the smaller phosphinimide 
ligand, [NP(z-Pr)2(2-CH2Py)]~, produced higher polymerization activities than the 
corresponding complexes 5.6 and 5.8, respectively, w ith the larger [NP(/-Bu)2(2- 
CH^Py)]-  ligand. For example, the polymerization activity for 5.5 was 18 g mmol-1 hr-1 
atm-1 while, for 5.6, the polymerization activity was only 3.7 g mmol-1 hr-1 atm-1. This is 
in contrast to previous results that demonstrated that increasing the steric bulk o f the
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phosphinimide ligand by changing CpTiCl2[NP(/'-Pr)3] to CpTiCl2[NP(f-Bu)3 ] resulted in 
a dramatic increase in polymerization activity.5 Another surprising observation was that 
complexes w ith  smaller cyclopentadienyl ligands (Cp), 5.5 and 5.6, showed higher 
activities than the corresponding complexes w ith the larger Cp* ligands, 5.7 and 5.8, 
respectively. Again, this was in contrast to previous results which indicated that changing
from Cp to Cp* resulted in  an increase in polymerization activity for the [NP(f-Bu)3 ]“
1 ̂ligand. Thus, complex 5.5 displayed the highest polymerization activity even though it 
contained the smallest phosphinimide ligand [NP(z'-Pr)2(2-CH2Py)]~ and the smaller Cp 
ligand (C5H5).
In contrast to the moderate to very low  polymerization activities observed for 
complexes 5.5-5.8 upon MAO activation, C p*TiC l2 [NP(t-Bu)2 (CH2Ph)], which was 
prepared and tested under sim ilar conditionsx w ith the B iichi reactor system, displayed a 
high polymerization activity o f 142 g m m o f1 hr-1 atm-1.97 Thus, these results indicate that 
as ancillary ligands for cyclopentadienyl titanium dichloride ethylene polymerization 
catalysts when activated by MAO, the [NP(R)2(2-CH2Py)]~ (R = z-Pr, t-Bu) ligands 
behave differently than the corresponding [NP(t-Bu)2 (CH2Ph)]~ ligand. Since the only 
difference between C p*T iC l2[NP(R)2(2-CH2Py)] (5.8) and C p*TiC l2[NP(t-Bu)2(CH2Ph)] 
is the nitrogen atom in  the aromatic ring, it is like ly that this nitrogen atom contributes to 
the large discrepancy in the polymerization activities (Figure 5.5).
x Testing conditions: [Cp*TiCI2 [NP(Z-Bu)2(CH2 Ph)]] = 50 pmol L 500 equivalents MAO as co-catalyst, 
30 min reaction, 1.82 atm ethylene, toluene solvent.
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/  > 6 .
C p*TiC l2[NP(f-Bu)2(2-CH2Py)] Cp * T iC l2 [NP (f-Bu)2(CH2Ph)]
Figure 5.5. Steric sim ilarity o f Cp*TiCl2[NP(R)2(2-CH2Py)] (5.8) and C p*TiC l2[NP(z- 
Bu)2(CH2Ph)].
Prim arily, ligands can affect the polymerization activity by influencing the rate o f 
insertion, or by influencing the rate o f catalyst decomposition, or both. In the case o f the 
phosphinimide ligands, [NP(R)2(2-CH2Py)]~ (R = z-Pr, t-Bu), both possibilities may play 
a role. For example, the pyridyl ring could decrease the insertion rate by coordinating to 
the T i center during the polymerization process to form a complex which is inactive for
y r
ethylene polymerization (Figure 5.6).
XI [NP(z-Bu)2(2-CH2Py)] ligand occasionally coordinates to titanium in a bidentate fashion. (See 
Appendix I).
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Figure 5.6. Possible coordination o f the pyridyl group to titanium  to reduce catalytic 
ability.
The pyridyl group m ight also promote M AO assisted catalyst decomposition 
pathways, such as those modeled by TM A reactions w ith Group 4 cyclopentadienyl 
titanium complexes,7’10’98’99 by facilitating coordination o f the phosphinimide nitrogen 
atom to acidic aluminum centers. In addition, the methylene protons ([NP(R)2(2-
  1 n r \
CH2Py)] ) o f the ligand are acidic, thus providing another potential avenue for catalyst 
decomposition.
5.3.5 Synthesis of the Titanium Dichloride'B(C6F5 ) 3  Adducts
In an attempt to circumvent potential coordination o f the pyridyl group to T i 
during the polymerization process, the cyclopentadienyl titanium  phosphinimide 
complexes CpTiCl2[NP(R)2(2-CH2Py)] (R = /-Pr (5.5), t-Bu (5.6)) were treated w ith 
B(C 6F5 )3  to produce donor-acceptor complexes o f the general formula 
CpTiCl2[NP(R)2(2-CH2Py)]-B(C6F5)3 (R = z-Pr (5.9), f-Bu (5.10)) (Figure 5.7). The 
complexes are proposed to have the structure shown in  Figure 5.7, in  which the B(C6Fs)3  
coordinates to the pyridyl nitrogen, rather than a structure in  which the B ^ F s T
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coordinates to the phosphinimide nitrogen or a chlorine atom. This proposed geometry is 
consistent w ith  multinuclear NM R data, including the observed chemical shifts o f the 
pyridyl group protons ortho to the nitrogen. For example, in  the 'H  NM R spectrum o f 
complex 5.5, the ortho proton resonance occurs at 8.25 ppm, while in the 'H  NMR 
spectrum o f complex 5.9, the resonance is observed at 9.46 ppm. Due to the absence o f 
X-ray structural data, this geometry has not been confirmed, however, no reaction was 
observed between the related complex CpTiCl2 [NP(/-Bu)3] and B(C 6Fs) 3  at room 
temperature,X11 suggesting that the chloride ligands and the phosphinimide nitrogen in 
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R = i-Pr (5.5), t-Bu (5.6) R = /-Pr (5.9), /-Bu (5.10)
Figure 5.7. Synthesis o f the B(C6F5)3  adducts CpTiCl2[NP(R)2(2-CH2Py)]-B(C6F5)3 (R 
/-Pr (5.9), /-Bu (5.10)).
5.3.6 Polymerization Testing of the Titanium Dichloride-B(C6F5 ) 3  
Adducts
The B(C6F5)3 adducts CpTiCl2[NP(R)2(2-CH2Py)] B(C6F5)3 (R = /-Pr (5.9), t-Bu
(5.10)) were generated in situ as a toluene solution prior to injection into the 
polymerization reactor, and were subsequently tested for polymerization activity utilizing
x" Dr. E. Hollink (Stephan research group), unpublished results.
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MAO as a co-catalyst. Aliquots o f the freshly prepared solutions were employed for 
polymerization testing and, in addition, separate aliquots were analyzed by NMR 
spectroscopy. ^ F ^ H } NM R spectroscopy revealed 15 resonances for each o f the 
CpTiCl2[NP(R)2(2-CH2Py)]-B(C6F5)3 complexes (R = i-Pr (5.9), t-Bu (5.10)), indicating 
coordination o f B(CeF5)3 . The polymerization experiments were conducted in an identical 
fashion, as described above using Cp'TiCl2[NP(R)2(2-CH2Py)] (Cp’ = Cp, R = i-Pr (5.5), 
i-Bu (5.6); Cp’ = Cp*, R = i-Pr (5.7), i-Bu (5.8)) as catalyst precursors. 500 equivalents o f 
MAO were used as a co-catalyst, and the polymerizations were conducted in toluene, at 
30 °C, fo r 30 minutes. The results o f these polymerizations and, fo r comparative 
purposes, the results o f the polymerizations for 5.5 and 5.6, are presented in Table 5.5.
Table 5.5. Polymerization results from pre-catalysts CpTiCl2[NP(R)2(2- 










5.9 0.46 112,400 556,900 4.95 7.7
5.5 1.05d 126,100 521,300 4.13 18d
5.10 0.11 67,000 534,800 7.98 2.0
5.6 0.22d f 37,700 417,300 11.07 3.7d
“ Polym erization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent =  600 m L  toluene, 
S tir rate = 1000 RPM , [catalyst] = 100 pm ol/L , 500 equiv. M A O . 
b A ll  polymerizations were conducted before the ethylene column was regenerated.
'A c t iv ity  reported to 2 s ignificant figures. 
d Average o f  tw o trials.
The activities o f the B(C 6Fs)3  adducts 5.9 and 5.10 were lower than the 
corresponding complexes 5.5 and 5.6, respectively. It is unclear i f  B(C 6F5)3  remains 
coordinated to the pyridyl nitrogen during the polymerization experiment; B ^ F s b  
coordination is most like ly  a reversible equilibrium process. Hence, it  is possible that the 
pyridyl nitrogen could interact w ith the T i, or w ith the large excess o f M AO (A l:T i ratio 
= 500:1) employed during the polymerization experiment (Figure 5.8). However,
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regardless o f the reasons, it is clear that pre-coordination o f B(C6F5)3 did not assist 
ethylene polymerization upon activation by MAO.
Cp,
> < CI
' • C l















'•C I-M A O
R ^ + B(C6F5)3
Starting Point for Previous Scheme
M AO
Cp 0






Inactive form o f catalyst
M AO
Catalyst Decomposition Products Cata|yst D e p o s i t io n  Products
Figure 5.8. Possible mechanism for reversible coordination o f B(C6F5)3.
5.3.7 Synthesis of the Titanium Dimethyl Complex Cp*TiMe2[NP(f- 
Bu)2(2-CH2Py)]
To facilitate pre-catalyst activation by co-catalysts such as B(C 6F5)3, and to 
eliminate the need for pre-catalyst activation by MAO, the syntheses o f the dimethyl 
analogues o f the dichloride complexes Cp'TiCl2[NP(R)2(2-CH2Py)] (Cp' = Cp, R = i-Pr 
(5.5), t-Bu (5.6); Cp' = Cp*, R = i-Pr (5.7), i-Bu (5.8)) were investigated (Figure 5.9).
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Figure 5.9. Investigated routes to Cp'TiMe2[NP(R)2(2-CH2Py)] (Cp1
(5.11), f-Bu (5.12); Cp' = Cp*, R = /-Pr (5.13), f-Bu (5.14)).
Cp, R = /'-Pr
Addition o f 2 equivalents o f 3.0 M  MeMgCl in THF to a slurry o f 5.5 or 5.6 in 
diethyl ether, or 2 equivalents o f 3.0 M  M eM gl in  diethyl ether to a slurry o f 5.7 in 
diethyl ether, at room temperature, resulted in mixtures o f products which could not be 
separated by extraction/precipitation techniques or recrystallization. Sim ilarly, adding 2 
equivalents o f 3.0 M  MeMgCl in THF to a slurry o f 5.6 in  diethyl ether at -78 °C, also
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resulted in m ultiple products upon removal o f the solvent, which were not successfully 
identified or isolated.
The inab ility  to cleanly generate 5.11, 5.12 or 5.13 may stem from the acidity o f 
the methylene protons (CpTiCl2[NP(R)2(2-CH2Py)]). For example, rz-BuLi deprotonates 
Me3SiNP(z-Pr)2(2-CH2Py) to produce L i(TH F)2[Me3 SiNP(z-Pr)2(2-CHPy)].170 Thus, in 
addition to performing Me for Cl exchange at the T i center, it  is possible that MeMgCl 
may be deprotonating the methylene proton.
Cp*TiMe2[NP(t-Bu)2(2-CH2Py)] (5.14) was successfully produced from reaction 
o f 2 equivalents o f MeMgCl w ith Cp*TiCl2[NP(t-Bu)2(2-CFl2Py)] (5.8) in  diethyl ether at 
-78 °C. M ultip le extractions w ith hexanes, followed by subsequent precipitations were 
required to reduce the impurities in the product to approximately 5% as estimated by 
31P {1H } NM R spectroscopy. The product Cp*TiM e2[NP(f-Bu)2(2-CH2Py)] (5.14) was 
characterized by 31P {'H }, 1H, and NM R spectroscopy. The 31P {'H } NMR
i 1T 1
spectrum showed a single resonance at 22.9 ppm, while the H and NM R C{ H} 
spectrum were also consistent w ith the proposed formulation.
5.3.8 Polymerization Testing of Cp*TiMe2[NP(f-Bu)2(2-CH2Py)]
Cp*TiM e2[NP(/-Bu)2(2-CH2Py)] (5.14) was tested as an ethylene polymerization 
catalyst w ith 1, 2 and 10 equivalents B(C6F5)3  as a co-catalyst. In  these polymerization 
experiments, a catalyst concentration o f 20 pm ol/L was used, while 20 equivalents o f 
TzBAl were employed as a scavenger. 600 mL o f toluene were used as the solvent, and 
the polymerizations were conducted for 10 minutes at 30 °C, w ith  an ethylene pressure o f 
2 atm, and a stir rate o f 1000 RPM. Each experiment was conducted once, and the results 
are presented in  Table 5.6.
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Table 5.6. Polymerization testing o f pre-catalyst Cp*TiMe2[NP(t-Bu)2(2-CH2Py)] 5.14 






(g mmol-1 hr-1 atm-1)
5.14 1 0.18 47
5.14 2 0.47 120
5.14 10 0.29 75
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, [catalyst] = 20 pmol/L, [T/BA1] = 400 pmol/L, 10 minute reaction. 
b A ll polymerizations were conducted before the ethylene column was regenerated. 
c Polymer samples were could not be analyzed by GPC due to solubility problems. 
d Activity reported to 2 significant figures.
The polymerization results in  Table 5.6 indicate that the Cp*TiMe2[NP(7-Bu)2(2- 
CF^Py)] (5.14)/B(C6Fs)3 catalyst system is much more active than the corresponding 
Cp*TiCl2[NP(f-Bu)2(2-CH2Py)] (5.8)/MAO system. For example, the polymerization 
experiments employing 20 pm ol/L o f pre-catalyst Cp*TiMe2[NP(f-Bu)2(2-CH2Py)] 
(5.14) and 1, 2 and 10 equivalents o f B(C6F5)3 as an activator resulted in  polymer yields 
o f 0.18, 0.47 and 0.29 g, respectively, while 100 prnol/L o f pre-catalyst C p*TiC l2 [NP(t- 
Bu)2(2-CH2Py)] (5.8) activated by M AO produced an average polymer yield o f only 0.06 
g. Therefore, even though the concentration o f the dichloride complex 5.8 was 5 times 
higher than the dimethyl complex 5.14, the dichloride complex 5.8 produced less 
polymer.
Cp*TiM e2[NP(t-Bu)2(2-CH2Py)] (5.14) displayed the highest activity (120 g 
mmoF1 hr-1 atm-1) when two equivalents o f B(C 6Fs) 3  were used as the co-catalyst. One 
equivalent o f B(CeF5)3  produced a polymerization activity o f 47 g mmol-1 hr-1 atm-1. 
Thus, these results indicate that using more than one equivalent o f B(C 6Fs)3  increases the 
polymerization activity. This may be due to an increase in the concentration o f the active 
catalytic species A , or the formation o f a new catalytic species B, or both (Figure 5.10). 
For example, when one equivalent o f B(C6F5)3  is employed, there may be a competition 
for the B(C6F5)3 group between the methyl groups and the pyridyl group, thus decreasing
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the concentration o f the active species, A. However, when two equivalents o f B(Cf,F5 )3  
are used, there is potential for one equivalent o f B(C6Fs)3  to abstract a methyl group from 
the Ti, and for the other equivalent to bind to the nitrogen on the pyridyl group, which 
could result in  a new catalytic species, B. The molecular weight distributions o f polymer 
could not be obtained by GPC analysis due to problems w ith solubility o f the samples.
Cp*
\Vj..rtv\CH3 '' 'v u
f-B lT 'f ?  +  2 B (C 6F 5)3
CP








/  > Me-B(C6F5)3
f-Bu’











Potentially A ctive Species
CP\fL > » C H 3 Me-B(C5F5)3 
/  \  ,
N N '  1 + B (C 6F 5)3
f-Bu''"y'
f-Bu
Potentially  Inactive 
Form  o f  Catalyst
Figure 5.10. Possible equilibriums between Cp*TiMe2[NP(f-Bu)2(2-CH2Py)] (5.14) and 
B(C6F5)3.
It should be noted that using a large excess o f B(CeF5)3 , i.e. 10 equivalents, 
resulted in  a polymerization activity o f 75 g mmol-1 hr-1 atm-1, and therefore did not 
result in a further increase in polymerization activity relative to 2 equivalents o f B(C 6Fs)3 . 
The excess 10 equivalents o f B(C6F5)3 would be expected to shift the equilibria proposed 
in Figure 5.10 toward the active species B. However, since there was not an increase in 
activity, it  is possible that the dominant species in  the polymerizations, regardless o f the 
number o f equivalents o f B(C 6F5)3 , is a conformation such as C (Figure 5.10), which 
would be expected to demonstrate low  polymerization activity due to coordination o f the 
pyridyl nitrogen to the metal center.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 5 -  Titanium Pyridyl-Phosphinimide Complexes____________ 131
Although pre-catalyst Cp*TiMe2[NP(f-Bu)2(2-CH2Py)] (5.14) demonstrated high 
polymerization activity in  terms o f the ranking scale proposed by Gibson and co-workers 
(Table 2.2)3 when activated by two equivalents o f B(C6Fs)3 (120 g mmol-1 hr-1 atm-1), 
the polymerization activity is much less than that achieved for Cp*TiM e2[NP(f-Pr)3] (~ 
1600 g mmol-1 hr-1 atm-1, see Table 3.1) or CpTiMe2[NP(f-Bu)3] (~ 2900 g mmol-1 hr-1 
atm-1, see Table 3.2) when activated by two equivalents o f B(C 6F5)3 . This suggests that 
the pyridyl group significantly reduces the effectiveness o f the phosphinimides 
[NP(R)2(2-CH2Py)]-  as ancillary ligands in cyclopentadienyl titanium  ethylene 
polymerization catalysts.
5.4 Summary and Conclusions
The cyclopentadienyl titanium dichloride complexes o f the general formula 
Cp'TiCl2[NP(R)2(2-CH2Py)] (Cp’ = Cp, R = i-Pr (5.5), f-Bu (5.6); Cp' = Cp*, R = i-Pr 
(5.7), f-Bu (5.8)) were synthesized and characterized by multinuclear NM R spectroscopy, 
elemental analysis and X-ray crystallography. Polymerization testing o f these complexes 
utilizing M AO as a co-catalyst resulted in polymerization activities ranging from 
moderate (5.5, 18 g mmol-1 hr-1 atm-1) to very low  (5.8, 0.90 g mmol-1 hr-1 atm-1). 
Polymerization testing o f the B^gFsb adducts o f the formula CpTiCl2[NP(R)2(2- 
CH2Py)]-B(C 6F5) 3  (R = i-Pr (5.9), f-Bu (5.10)) using MAO as the co-catalyst resulted in 
lower polymerization activities than the corresponding complexes 5.5 and 5.6.
Polymerization testing o f the cyclopentadienyl titanium  dimethyl complex 
Cp*TiM e2[NP(f-Bu)2(2-CH2Py)] (5.14) w ith 2 equivalents o f B(C6F5)3  as the co-catalyst 
resulted in  a high activity catalyst system (120 g mmol-1 hr-1 atm-1). However, this 
activity is much lower than that observed for sim ilar catalysts, such as Cp*TiM e2[NP(f- 
Pr)3] or CpTiMe2[NP(f-Bu)3] (1600 and 2900 g mmol-1 hr-1 atm-1, respectively, when 
activated by two equivalents o f B ^ F s ^ ) , suggesting that the presence o f the pyridyl 
group in the ligands [NP(R)2(2-CH2Py)]-  (R = /-Pr, and f-Bu) significantly reduces the 
polymerization activity.
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In Chapter 6 , synthetic efforts to increase polymerization activities focus on 
producing new cyclopentadienyl titanium phosphinimide catalysts containing bulky 
electron donating phosphinimide ligands without substituents that can coordinate to the 
metal center.
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Chapter 6 CpTiX2[NP(NR2)3]: Synthesis, Structural 
Characterization and Polymerization Testing
6.1 Introduction
In this chapter, the potential benefits o f electron donating substituents w ith 
increased steric bulk have been combined to generate new cyclopentadienyl titanium 
phosphinimide catalysts o f the general formula C pT iX 2 [NP(NR-2)3]. The goal was to 
produce very high activity catalysts while generating information on the relationship 
between the steric bulk o f the phosphinimide ligand and catalyst activity. To this end, the 
Cp'TiX 2 [NP(NR2)3 ] framework was adopted for this synthetic investigation for four 
reasons:
• NR2 groups are considered to be electron donating substituents through both 
experimental measurements179 and DFT calculations in  Chapter 4;
• M odification o f the amino substituents (-NR2) o f the phosphinimide ligand 
[NP(NR2)3] '  would create a series o f catalysts w ith varying steric properties, 
providing an opportunity to assess the influence o f steric bulk on catalyst activity;
• Retaining the core framework [NP(NR2)3]_ was expected to produce phosphinimide 
ligands w ith  sim ilar electronic properties, which is advantageous since this would 
allow changes in polymerization activity to be attributed to the changes in  steric bulk 
o f the phosphinimide ligand, not the electron donating ability; and
•  Patent literature has reported that CpTiMe2 [NP(NMe2)3 ] demonstrated good ethylene 
polymerization activity upon activation by [Ph3C]+[B(C 6F5)4 ]- ,15 thus proving a 
reasonable starting point.
In Chapter 4, DFT calculations suggested that the ethylene polymerization 
activities o f cyclopentadienyl titanium phosphinimide complexes should be enhanced by 
utilizing phosphinimide ligands w ith electron donating substituents such as alkyl (-CR3) 
or amino groups (-NR 2). This prim arily arose from the observation that electron donating
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substituents reduce the ion pair separation energy, thereby reducing the a ffin ity  o f the T i 
center for the counterion. In a related computational study, Ziegler and co-workers have 
predicted that increased steric bulk could also decrease the ion-pair separation energy for 
a variety o f Group 4 catalyst systems. 86 Since the energy required to displace the 
counterion contributes to the overall barrier o f ethylene insertion and thus, the 
polymerization activity, it  is advantageous to employ bulky, electron donating ancillary 
ligands in Group 4 catalyst systems.
From a synthetic standpoint, increasing the steric bulk o f tria lky l phosphinimide 
ligands [NPR3 ]-  by u tiliz ing  /-Bu groups instead o f i-Pr groups increased the catalytic 
activity o f CpTiX 2 [NPR.3] complexes, especially upon activation by MAO. ’ This 
suggests that increasing the steric bulk o f the phosphinimide ligand may also be 
beneficial in  designing new catalysts. In other catalyst systems such as metallocenes or 
FI catalysts, 19,108 increased steric bulk around the metal center has been proposed to 
increase polymerization activity by increasing the lifetim e o f the catalyst, 19 and by 
facilitating separation o f the cation-anion pair. 19’35
The synthesis and polymerization testing o f a new fam ily o f highly active 
ethylene polymerization catalysts, Cp'TiX 2 [NP(NR2)3], based on tris- 
(amino)phosphinimide ligands is described herein.
6.2 Experimental
6.2.1 General Considerations
The general synthetic protocol and characterization o f the products by NMR 
analysis and microanalysis were conducted as previously described in Section 5.2.1, 
Polymer products were analyzed as previously described in Section 5.2.1. A ll solvents, 
including C6D 6 used for NM R experiments, were purified as described in Section 5.2.1. 
Celite and 4A molecular sieves were prepared as described in Section 5.2.3. X-ray 
crystallography was conducted as previously described in Section 5.2.7.
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6.2.2 Reagents
CpTiCl3 , 176 P(CH3NCH2)3CCH3 (6.1),172 P(CH3NCH 2CH2)3N (6.2),180 P(N(n- 
Bu)2)3 (6.8),181 P(A-3-methylindolyl) 3 (6.9)182 and Me3 SiNP(NEt2) 3 (6.13)183 were 
prepared via literature methods. Me3 SiNP(NMe2 ) 3 (6.12)184 was prepared via a 
modification o f a literature method and vacuum distilled prior to use. Me3 SiN3, P(NMe2) 3 
(6.3) and P(NEt2) 3 (6.4) were purchased from A ldrich Chemical Co. and used without 
further purification. C p*T iC l3 was purchased from Strem and used without further 
purification. P(N(«-Pr) 2 ) 3 (6.7) was purchased from  Lancaster and used without further 
purification. B(C 6F5) 3 was generously donated by Nova Chemicals Corp. and used 
without further purification. P(N(i-Pr)(Me ) ) 3 (6.5),185 P(N(Et)(Ph) ) 3 (6.6),186
Me3 SiNP(N(Et)(Ph) ) 3 (6.15),187 Me3 SiNP(N(«-Bu) 2 ) 3 (6.17),187 and 
CpTiMe2 [NP(NMe2)3] (6.35)15 have been reported previously, however, no spectroscopic 
data were provided, therefore modified syntheses and a ll spectroscopic data are reported 
below. A  preparation o f CpTiC l2 [NP(NMe2)3] (6.21)15 has been reported previously in 
the patent literature, however, an X-ray crystal structure was obtained therefore the 
synthesis is reported below.
6.2.3 Synthesis of Phosphines
P(N(?-Pr)(Me) ) 3 (6.5)185: To a solution o f PC13 (2.07 mL, 23.7 mmol) and NEt3 (11 . 6  mL,
83.2 mmol) in  ether (300 mL), cooled to -78 °C, was slowly added HN(/-Pr)(Me) (8.65 
mL, 83.1 mmol) via syringe. The resulting white slurry was allowed to warm to room 
temperature over a period o f ~ 1 hour. The slurry was filtered via a filte r cannula to a 
produce a clear, yellow  solution. The white solid was washed w ith 3 x 75 mL ether, and 
the washings were transferred through the filte r cannula and added to the original filtrate. 
The solvent was partially removed under vacuum to produce a white suspension. The 
white suspension was filtered through Celite and the residual white solid was washed 
w ith 10 mL ether. The solvent and excess HN(z'-Pr)(Me) were removed from  the filtrate 
under vacuum to produce an o il, which was purified by vacuum distilla tion to yield a
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clear, colourless liquid. Y ield (3.17 g, 12.8 mmol, 54%). ^ P ^ H } NM R (202 MHz, C6D6) 
6 : 119.7 (s). 'H  N M R  (500 MHz, C6D6) 5: 3.58 (d(sept), 3H, 3JP.H = 10 Hz, 3JH-h  = 7 Hz, 
CH(CH3)2), 2.34 (d, 9H, 3JP.H = 6  Hz, NCH3), 1.09 (d, 18H, 3JH-h  = 7 Hz, CH(CH3)2). 
13C {*H } NM R (126 MHz, C6D6) 6 : 49.2 (d, 2JP.C = 36 Hz, CH(CH3)2), 26.5 (d, 2JP.C = 5 
Hz, NCH3), 21.1 (d, 3JP.C -  4 Hz, CH(CH3)2).
P(N(Et)(Ph) ) 3 (6 .6 )186: To a solution o f PC13 (5.0 mL, 57 mmol) and NEt3 (28.0 mL, 201 
mmol) in  toluene (400 m L), cooled to 0 °C, was slowly added HN(Et)(Ph) (25.3 mL, 187 
mmol) via syringe. The white suspension was heated at refluxing temperature for 12 
hours. The mixture was cooled to room temperature, then filtered through a cannula filte r 
to produce a yellow  solution. The solvent was removed under vacuum to produce a
Ol 1
yellow solid. P{ H } NM R analysis revealed the presence o f two products, therefore 300 
mL toluene, NEt3 (16.0 mL, 115 mmol) and HN(Et)(Ph) (7.2 mL, 57 mmol) were added. 
The mixture was heated at refluxing temperature for an additional 12 hours. The mixture 
was cooled to room temperature, then filtered through a cannula filte r to produce a 
yellow solution. The volume o f the solution was reduced to ~ 50 mL under vacuum, 
which resulted in the precipitation o f a white solid. The suspension was filtered in the 
glove box, and the white solid was collected in a filte r frit. The white solid was extracted 
w ith ~ 250 mL o f toluene. The solvent was removed under vacuum to produce (6 .6 ) as a 
white solid. Y ield (12.14 g, 31.0 mmol, 54%). 31P {1H } NM R (202 MHz, C6D6) 6 : 110.4 
(s). *H NM R (500 MHz, C6D6) 6 : 7.17-7.11 (m, 12H, NC 6H 5), 6 . 8 6  (tt, 3H, 3JH-h  = 7 Hz, 
4Jh .h = 2 Hz, NC 6H 5), 3.37 (dq, 6 H, 3JP.H = 3 Hz, 3J H-h  = 7 Hz, NCH 2CH3), 0.94 (t, 9H, 
3JH-h = 7 Hz, NCH 2 CH3). 13C {1H } NMR (75.5 MHz, C6D6) 6 : 147.4 (d, 2JP.C = 22 Hz, 
NC 6H 5 (ipso)), 129.6 (s, NC 6H5), 122.1 (s, NC 6H 5), 121.9 (s, NC 6H5), 40.9 (s, 
NCH 2CH3), 14.2 (s, NCH 2 CH3). EA found C, 73.99; H, 7.87; N, 10.74; calculated C, 
73.63; H, 7.72; N , 10.73. X-ray quality crystals were obtained by slow evaporation o f 
toluene.
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6.2.4 Synthesis of Phosphinimines
Me3 SiNP(CH3NCH 2)3CCH3 (6.10): Me3 SiN3 (0.723 mL, 5.45 mmol) was added to 
P(CH3NCH 2)3CCH3 (6.1) (0.636 g, 3.63 mmol), and the mixture was heated at refluxing 
temperature for 3 hours. The excess Me3 SiN3 was removed under vacuum. The resulting 
o il was filtered to give a spectroscopically pure liquid. Y ield (0.612 g, 2.33 mmol, 65%). 
31P {'H } NM R (121 MHz, C6D6) 5: 5.3 (s). *H NM R (300 MHz, C6D6) 5: 2.59 (d, 6 H, 3JP. 
H = 8  Hz, P(CH3NCH 2)3CCH3), 2.52 (d, 9H, 3JP.H = 13 Hz, P(CH3NCH 2)3CCH3), 0.43 (s, 
9H, Si(CH3)3), 0.36 (singlet, 3H, P(CH3NCH2)3CCH3). ^ C ^ H } NM R (75.5 MHz, C6D6) 
5: 63.8 (s, P(CH3NCH 2)3CCH3), 37.1 (s, P(CH3NCH 2)3CCH3), 33.0 (d, 3JP.C = 28 Hz, 
P(CH3NCH 2)3CCH3), 21.8 (s, P(CH3NCH2)3CCH3), 4.8 (s, Si(CH3)3).
Me3 SiNP(CH3NCH 2 CH2)3N (6.11): To a solution o f P(CH3NCH 2CH2)3N (6.2) (1.46 g, 
6.75 mmol) in  benzene (60 mL) heated to 60 °C in a 3 neck flask was slowly added a 
solution o f Me3 SiN3 (1.2 mL, 9.04 mmol) in  benzene (30 mL) via a dropping funnel. The 
resulting solution was heated at refluxing temperature for 12 hours. The volume o f the 
solution was reduced under vacuum to ~ 10 mL. The solution was filtered through Celite 
and the remaining solvent and excess Me3 SiN3 were removed under vacuum to give a 
pale yellow  solid. Y ield (1.79 g, 5.91 mmol, 87%) 3 1P {1H } NM R (202 MHz, C6D6) 5: 8 . 6  
(s). *H NM R (500 MHz, C6D6) 5: 2.58 (d, 9H, 3JP.H = 8  Hz, P(CH3NCH 2CH2)3N), 2.50 
(br, 6 H, P(CH3NCH 2CH2)3N), 2.37 (triplet, 6 H, 3JH-h = 5 Hz, P(CH3NCH 2CH2)3N), 0.46 
(s, 9H, Si(CH3)3). ^ C ^ H } NM R (75.5 MHz, C6D6) 5: 52.2 (d, 2JP.C = 3 Hz, 
P(CH3NCH 2CH2)3N), 50.4 (s, P(CH3NCH2CH2)3N ), 36.0 (d, 2JP.C = 7 Hz, 
P(CH3NCH 2 CH2)3N), 5.1 (s, Si(CH3)3). EA found C, 47.39; H, 10.23; N, 22.70; 
calculated C, 47.50; H, 9.96; N, 23.08.
Me3SiNP(N(/-Pr)(Me ) ) 3 (6.14): To a solution o f P(N(/-Pr)(Me ) ) 3 (6.5) (2.74 g, 11.1 
mmol) in  toluene (20 mL) was added Me3 SiN3 (3.00 mL, 22.6 mmol). The solution was 
heated at refluxing temperature for 12 hours. The solvent and excess Me3 SiN3 were 
removed under vacuum, resulting in  a crude o il that was purified by vacuum distillation
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to give a clear, colourless low  melting solid. Y ield (2.52 g, 7.54 mmol, 6 8 %). 31P {1H} 
NMR (121 MHz, C6D6) 5: 10.6 (s). *H NM R (500 MHz, C6D6) 5: 4.00 (d(sept), 3H, 3JP.H 
-  10 Hz, 3JH-h = 7 Hz, CH(CH3)2), 2.25 (d, 9H, 3JP.H -  1 0  Hz, NCH3), 1 . 0 1  (d, 18H, 3JH-h 
= 7 Hz, CH(CH3)2), 0.36 (s, 9H, Si(CH3)3). 13C {1H } NM R (126 MHz, C6D6) 6 : 46.1 (d, 
2JP.c = 5 Hz, CH(CH3)2), 26.7 (d, 2JP.C = 4 Hz, NCH3), 20.7 (s, CH(CH3)2), 4.9 (s, 
Si(CH3)3). EA found C, 53.21; H, 11.30; N, 17.16; calculated C, 53.85; H, 11.75; N, 
16.75.
Me3 SiNP(N(Et)(Ph) ) 3 (6.15)187: To a suspension o f P(N(Et)(Ph) ) 3 (6.6) (3.24 g, 8.28 
mmol) in  xylenes (5 m L) was added Me3 SiN3 (5.1 mL, 38.4 mmol). Upon heating to 
refluxing temperature, the suspension formed a clear solution. The solution was heated at 
refluxing temperature for 72 hours. The volume o f the solution was reduced under 
vacuum, and the resulting brown o il was filtered through Celite to give a crude brown o il 
(~ 85 % pure) which was used without further purification. (Y ield = 3.56 g, 7.43 mmol, 
90%). 31P {1H } NM R (121 MHz, C6D6) 5: -5.8 (s). *H NM R (500 MHz, C6D6) 8 : 7.21 (d, 
6 H, 3JH-h = 8  Hz, NC 6H 5), 7.16 (t, 6 H, 3JH-h  = 8  Hz, NC 6H 5), 7.00 (t, 3H, 3JH-h = 8  Hz, 
NC 6H 5), 3.38 (dq, 6 H, 3JP.H = 7 Hz, 3JH-h = 7 Hz, NCH 2CH3), 0.79 (t, 9H, 3JH-h = 7 Hz, 
NCH2CH3), 0.04 (s, 9H, Si(CH3)3). ^ C ^ H } NM R (75.5 MHz, C6D6) 8 : 144.9 (s, NC 6H 5 
(ipso)), 129.9 (d, 3JP.C = 3 Hz, NC 6H 5), 128.6 (s, NC 6H5), 125.7 (s, NC 6H5), 46.9 (s, 
NCH 2CH3), 14.5 (s, NCH 2CH3), 3.9 (s, Si(CH3)3).
Me3 SiNP(N(?7-Pr) 2 ) 3 (6.16): To a solution o f P(N(n-Pr) 2 ) 3 (6.7) (2.01 g, 6.06 mmol) in 
toluene (10 m L) was added Me3 SiN3 (1.6 mL, 12 mmol). The resulting solution was 
heated at refluxing temperature for 12 hours. The solvent and excess Me3 SiN3 were 
removed under vacuum, resulting in  a pale yellow  liquid. Y ield (2.25 g, 5.38 mmol, 
89%). 31P {1H } NM R (121 MHz, C6D6) 8 : 10.3 (s). *H NM R (300 MHz, C6D6) 8 : 2.89 
(m, 12H, N(CH 2 CH2CH3)2), 1.53 (m, 12H, N(CH 2 CH2 CH3)2), 0.84 (t, 18H, 3J H-h  = 7 Hz, 
N(CH 2 CH2CH3)2), 0.41 (s, 9H, Si(CH3)3). 13C {!H } NM R (75.5 MHz, C6D6) 8 : 49.2 (d, 
2JP.c = 4 Hz, N (CH 2 CH2 CH3)2), 23.0 (d, 3JP.C = 2 Hz, N(CH 2CH 2CH3)2), 12.2 (s, 
N(CH 2 CH2CH3)2), 5.0 (s, Si(CH3)3). EA found C, 59.33; H, 11.39; N, 14.65; calculated 
C, 60.24; H, 12.28; N, 13.38.
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Me3 SiNP(N(n-Bu) 2 ) 3 (6.17)187: To a solution o f P(N(n-Bu) 2 ) 3 (6.8) (2.01 g, 4.82 mmol) 
in  toluene (10 m L) was added Me3 SiN3 (1.3 mL, 9.8 mmol). The resulting solution was 
heated at refluxing temperature for 12 hours. The solvent and excess Me3 SiN3 were 
removed under vacuum, resulting in  a pale yellow liquid. Y ield (2.19 g, 4.35 mmol, 
91%). ^ P ^ H } NM R (121 MHz, C6D6) 5: 10.9 (s). *H NM R (300 MHz, C6D6) 8 : 3.02 
(d(trip), 12H, 3JP.H = 10 Hz, 3JH-h  = 8  H z  N(CH 2 CH2 CH2CH3)2), 1.59 (m, 12H, 
N(CH 2CH 2CH2CH3)2), 1.28 (pseudo sextet, 12H, 3JH-h  = 7 Hz, N(CH 2CH2CH2 CH3)2), 
0.98 (t, 18H, 3JH-h  ^  7 Hz, N(CH 2CH2CH2CH3)2), 0.43 (s, 9H, Si(CH3)3). ^ C ^ H } NMR 
(75.5 MHz, C6D6) 8 : 47.1 (d, 2JP.C = 4 Hz, N(CH 2CH2CH2CH3)2), 32.1 (d, 3JP.C = 2 Hz, 
N(CH 2CH 2CH2 CH3)2), 21.5 (s, N(CH 2CH2CH2CH3)2), 14.7 (s, N(CH 2CH2 CH2CH3)2),
5.1 (s, Si(CH3)3).
6.2.5 Synthesis of Cyclopentadienyl Titanium Dichloride Complexes
CpTiCl2 [NP(CH3NCH 2)3CCH3] (6.19): To a solution o f CpTiCl3 (0.412 g, 1.88 mmol) in 
benzene (40 mL) was added a solution o f Me3 SiNP(CH3NCH 2)3CCH3 (6.10) (0.612 g, 
2.33 mmol) in  benzene (15 mL). The resulting yellow  solution was heated at refluxing 
temperature for 12 hours. The hot solution was filtered, and the volume o f the filtrate was 
reduced under vacuum to ~ 5 mL. Hexanes (5 mL) were added to the benzene solution to 
cause the formation o f a yellow  solid. The remaining solvent was decanted by pipette. 
The yellow solid was washed w ith hexanes ( 2 x 5  mL), and dried under vacuum. Yield 
(0.523 g, 1.39 mmol, 73%). 31P {1H } NM R (121 MHz, C6D6) 8 : -5.7 (s). *H NM R (300 
MHz, C6D6) 8 : 6.45 (s, 5H, Cp), 2.52 (d, 9H, 3JP.H = 13 Hz, P(CH3NCH 2)3CCH3), 2.30 
(d, 6 H, 3Jp.h = 7 Hz, P(CH3NCH 2)3CCH3), 0.13 (s, 3H, P(CH3NCH 2)3CCH3). 13C {1H} 
NMR (75.5 MHz, C6D6) 8 : 116.5 (s, Cp), 63.3 (s, P(CH3NCH 2)3CCH3), 37.2 (s, 
P(CH3NCH 2)3CCH3), 32.3 (s, P(CH3NCH 2)3CCH3), 20.9 (s, P(CH3NCH 2)3CCH3). EA 
found C, 39.11; H, 6.80; N, 15.58; calculated C, 40.55; H, 6.02; N, 14.55.
CpTiCl2 [NP(CH3NCH 2CH2)3N ] (6.20): To a solution o f Me3 SiNP(CH3NCH 2CH2)3N
(6.11) (1.67 g, 5.50 mmol) in  benzene (50 mL) was added a slurry o f CpTiC l3 (1.01 g,
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4.61 mmol) in  benzene (20 mL). The resulting yellow  solution was heated at refluxing 
temperature for 12 hours. The volume o f benzene was reduced to ~ 20 mL under vacuum, 
at which time a yellow  solid precipitate formed. The yellow solid was collected by 
filtration, washed w ith  hexanes (2 x 10 mL) and dried under vacuum. Y ield (1.65 g, 3.98 
mmol, 8 6 %). 31P {1H } NM R (202 MHz, C6D6) 6 : -0.2 (s). lK  NM R (500 MHz, C6D6) 6 : 
6.53 (s, 5H, Cp), 2.59 (d, 9H, 3JP.H = 9 Hz, P(CH3NCH2CH2)3N), 2.14 (m, 6 H, 
P(CH3NCH 2 CH2)3N ), 1.95 (t, 6 H, 3 J H -h  = 6  Hz, P(CH3NCH2CH 2)3N). 13C {‘H } NMR 
(75.5 MHz, C6D6) 5: 114.6 (s, Cp), 51.0 (s, P(CH3NCH 2CH2)3N), 49.5 (s, 
P(CH3NCH2 CH2)3N), 35.5 (s, P(CH3NCH2CH2)3N). EA found C, 41.54; H, 6.83; N, 
16.33; calculated C, 40.60; H, 6.33; N, 16.91.
CpTiCl2 [NP(NMe2)3] (6.21)15: To a yellow solution o f CpTiCl3 (0.400 g, 1.82 mmol) in 
toluene (30 mL) was added a solution o f Me3 SiNP(NMe2) 3 (6.12) (0.480 g, 1.92 mmol) 
in toluene (20 mL). The solution was stirred at room temperature for 12 hours. The 
volume o f the solution was reduced to ~ 2 mL under vacuum to cause the formation o f a 
yellow solid. Pentanes (~ 6  m L) were added, and the pentane/toluene solvent mixture was 
decanted. The solid was washed w ith pentane ( 3 x 5  mL), and dried under vacuum to give 
a yellow solid. Y ield (0.590 g, 1.63 mmol, 90%). 31P {'H } NM R (202 MHz, C6D6) 5: 5.6 
(s). *H NM R (500 MHz, C6D6) 6 : 6.44 (s, 5H, Cp), 2.24 (d, 18H, 3JP.H = 10 Hz, 
N(CH3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 5: 115.4 (s, Cp), 37.1 (d, 2JP.C = 4 Hz, 
N(CH3)2). EA found C, 36.31; H, 6.77; N, 15.39; calculated C, 36.59; H, 6.42; N, 15.52. 
X-ray quality crystals were obtained from slow evaporation o f a toluene solution.
CpTiCl2 [NP(NEt2)3] (6.22): To a yellow slurry o f CpTiCl3 (0.667 g, 3.04 mmol) in 
toluene (20 m L) was added a solution o f Me3 SiNP(NEt2) 3 (6.13) (1.02 g, 3.04 mmol) in 
toluene (20 mL). The solution was stirred at room temperature for 4 hours. The solvent 
and volatile products were removed under vacuum to cause the formation o f a yellow o il 
which was pure as indicated by 31P {'H } and 'H  NM R spectroscopy. Y ield (1.28 g, 2.88 
mmol, 95%). 31P {1H } NM R (202 MHz, C6D6) 8 : 3.4 (s). !H NM R (300 MHz, C6D6) 5: 
6.48 (s, 5H, Cp), 2.82 (dq, 12H, 3JP.H = 11 Hz, 3JH-h = 7 Hz, N (CH 2 CH3)2), 0.90 (t, 18H, 
3JH-h = 7 Hz, N(CH 2CH3)2). 13C {iH } NMR (75.5 MHz, C6D6) 8 : 115.3 (s, Cp), 39.9 (d,
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2Jp .c = 5 Hz, N (CH 2CH3)2), 14.2 (d, 3JP.C = 3 Hz, N(CH 2 CH3)2). EA found C, 45.39; H, 
7.99; N, 12.59; calculated C, 45.86; H, 7.92; N, 12.58.
CpTiCl2 [NP(N(/-Pr)(M e))3] ( 6 . 2 3 ) :  To a yellow slurry o f CpTiC l3 (0.659 g, 3.00 mmol) 
in toluene (30 m L) was added a solution o f Me3SiNP(N(z-Pr)(Me) ) 3 ( 6 . 1 4 )  (1.00 g, 3.00 
mmol) in  toluene (20 mL). The resulting solution was stirred at room temperature for 4 
hours. The solvent and volatile products were removed under vacuum to cause the 
formation o f a yellow  solid. The solid was washed w ith hexanes ( 3 x 5  mL), and dried 
under vacuum to give a yellow  solid. Y ield (1.15 g, 2.59 mmol, 8 6 %). 31P {1H } NMR 
(202 MHz, C6D6) 5: 3.4 (s). *H NM R (500 MHz, C6D6) 6 : 6.47 (s, 5H, Cp), 4.04 (d(sept), 
3H, 3Jp.H = 10 Hz, 3JH-h = 7 Hz CH(CH3)2), 2.07 (d, 9H, 3JP.H = 10 Hz, NCH3), 0.96 (d, 
18H, 3JH-h  = 7 Hz, CH(CH3)2). 13C {!H } NM R (75.5 MHz, C6D6) 5: 115.2 (s, Cp), 46.9 
(d, 2JP.c = 5 Hz, CH(CH3)2), 26.6 (d, 2JP.C = 4 Hz, NCH3), 20.7 (d, 3JP.C = 3 Hz, 
CH(CH3)2). EA found C, 45.56; H, 8.14; N, 12.45; calculated C, 45.86; H, 7.92; N, 
12.58. X-ray quality crystals were obtained from slow evaporation o f a toluene/hexanes 
solution.
CpTiCl2 [NP(N(Et)(Ph))3] ( 6 . 2 4 ) :  To a yellow slurry o f CpTiCl3 (0.400 g, 1.82 mmol) in 
toluene (30 mL) was added a solution o f Me3 SiNP(N(Et)(Ph) ) 3 ( 6 . 1 5 )  (1.330 g, 2.78 
mmol) in  toluene (20 mL). The resulting solution was stirred at room temperature for 48 
hours. The solvent and volatile products were removed under vacuum to cause the 
formation o f a yellow  solid. The solid was washed w ith hexanes ( 3 x 1 0  mL), and dried 
under vacuum to give a yellow  solid. Y ield (0.946 g, 1.61 mmol, 8 8 %). 31P{*H } NMR 
(202 MHz, C6D6) 5: -11.1 (s). !H NM R (500 MHz, C6D6) 5: 7.21 (d, 6 H, 3JH-h = 8  Hz, 
NC 6H 5 (ortho)), 7.13 (pseudo t, 6 H, 3Jh-h -  8  Hz, NC 6H 5 (meta)), 6.97 (t, 3H, 3Jh-h = 8  
Hz, NC 6H 5 (para)), 6.03 (s, 5H, Cp), 3.38 (dq, 6 H, 3Jp_h = 7 Hz, 3Jh-h = 7 Hz, 
NCH 2CH3 ), 0.66 (t, 9H, 3JH-h  = 7 Hz, NCH 2CH3). ^ C ^ H } NM R (75.5 MHz, C6D6) 6 :
141.9 (d, 2JP.c = 4 Hz, NC 6H 5 (ipso)), 130.9 (d, 3JP.C = 3 Hz, NC 6H 5 (ortho)), 129.6 (s, 
NC 6H 5 (meta)), 127.2 (s, NC 6H 5 (para)), 116.2 (s. Cp), 46.8 (d, 2JP.C = 4 Hz, NCH 2CH3),
14.0 (d, 3Jp.c = 4 Hz, NCH 2CH3). EA found C, 58.72; H, 6.08; N, 9.61; calculated C, 
59.10; H, 5.99; N ,9.51.
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CpTiCl2 [NP(N(«-Pr)2)3] (6.25): To a yellow slurry o f CpTiCl3 (0.102 g, 0.465 mmol) in 
toluene (5 m L) was added a solution o f Me3SiNP(N(«-Pr) 2 ) 3 (6.16) (0.195 g, 0.466 
mmol) in toluene ( 8  mL). The solution was stirred at room temperature for 12 hours. The 
solvent and volatile products were removed under vacuum to produce an orange solid. 
Y ield (0.234 g, 0.442 mmol, 96%). 31P {!H } NM R (202 MHz, C6D6) 5: 3.8 (s). *H NMR 
(500 MHz, C6D6) 6 : 6.50 (s, 5H, Cp), 2.85 (m, 12H, N(CH 2CH2CH3)2), 1.48 (m, 12H, 
N(CH 2CH 2CH3)2), 0.82 (t, 18H, 3JH-h = 7 Hz, N(CH 2CH2 CH 3)2). ^ C ^ H } NM R (75.5 
MHz, C6D6) 6 : 115.3 (s, Cp), 48.5 (d, 2JP.C = 4 Hz, N(CH 2CH2CH3)2), 22.5 (d, 3JP.C = 3 
Hz, N(CH 2CH 2CH3)2), 12.0 (s, N(CH 2 CH2CH3)2). EA found C, 51.42; H, 8.96; N, 10.64; 
calculated C, 52.18; H, 8.95; N, 10.58.
CpTiCl2 [NP(N(«-Bu)2)3] (6.26): To a yellow slurry o f CpTiCl3 (0.102 g, 0.465 mmol) in 
toluene (5 m L) was added a solution o f Me3 SiNP(N(ra-Bu) 2 )3  (6.17) (0.234 g, 0.465 
mmol) in toluene ( 8  m L). The solution was stirred at room temperature for 12 hours. The 
solvent and volatile products were removed under vacuum to produce an orange solid. 
Y ield (0.277 g, 0.451 mmol, 97%). 31P {1H } NM R (202 MHz, C6D6) 6 : 4.5 (s). *H NMR 
(500 MHz, C6D6) 8 : 6.53 (s, 5H, Cp), 3.00 (m, 12H, N(CH 2 CH2CH2 CH3)2), 1.57 (m, 
12H, N(CH 2CH 2CH2 CH3)2), 1.28 (pseudo sextet, 12H, 3 J H -h  = 7 Hz,
N(CH 2CH2CH 2CH3 )2), 0.94 (t, 18H, 3J H -h  = 7 Hz, N(CH 2CH2 CH2 CH 3)2). ^ C ^ H } NMR 
(75.5 MHz, C6D 6) 8 : 115.3 (s, Cp), 46.6 (d, 2JP.C -  4 Hz, N(CH 2 CH2 CH2CH3)2), 31.5 (d, 
3JP.C = 3 Hz, N(CH 2CH 2 CH2 CH3)2), 2 1 . 2  (s, N(CH 2 CH2CH 2CH3)2 ), 14.6 (s, 
N(CH 2CH2CH2CH 3)2). EA found C, 55.83; H, 9.23; N, 8.23; calculated C, 56.77; H, 
9.69; N, 9.13.
Cp*TiC l2 [NP(NMe2)3] (6.27): To a red slurry o f C p*TiC l3 (0.501 g, 1.73 mmol) in 
toluene (30 m L) was added a solution o f Me3 SiNP(NMe2) 3 (6.12) (0.440 g, 1.75 mmol) 
in toluene (5 mL). The resulting solution was stirred at room temperature for 12 hours. 
The volume o f the solution was reduced to ~ 5 mL under vacuum to cause the formation 
o f an orange solid. The solvent was decanted and the solid was washed w ith hexanes (3 x 
5 mL), and dried under vacuum to give an orange solid. Y ield (0.505 g, 1.17 mmol, 
6 8 %). 3 1P {1H } NM R (202 MHz, C6D6) 8 : 6.1 (s). *H NM R (500 MHz, C6D6) 8 : 2.35 (d,
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18H, 3Jp.H = 10 Hz, N (CH 3)2), 2.21 (s, 15H, C5(CH3)5). ^ C ^ H } NM R (75.5 MHz, C6D6) 
8 : 126.1 (s, C 5(CH3)5), 37.5 (d, 2JP.C = 4 Hz, N (CH3)2), 13.4 (s, C5(CH3)5). EA found C, 
44.33; H, 7.57; N, 13.05; calculated C, 44.57; H, 7.71; N, 12.99. X-ray quality crystals 
were obtained from  slow evaporation o f a toluene solution.
C p*TiC l2 [NP(NEt2)3] ( 6 .2 8 ) :  To a red slurry o f C p*TiC l3 (0.574 g, 1.98 mmol) in toluene 
(50 mL) was added a solution o f Me3 SiNP(NEt2 ) 3 ( 6 . 1 3 )  (0.673 g, 2.01 mmol) in  toluene 
(5 mL). The resulting solution was stirred at room temperature for 12 hours. The volume 
o f the solution was reduced to ~ 5 mL under vacuum to cause the formation o f an orange 
solid. The solvent was decanted and the solid was washed w ith hexanes ( 3 x 5  mL), and 
dried under vacuum to give an orange solid. Y ield (0.586 g, 1.14 mmol, 57%). 31P {1H} 
NM R (202 MHz, C6D6) 8 : 5.6 (s). *H NM R (500 MHz, C6D6) 8 : 2.97 (dq, 12H, 3JP.H = 11 
Hz, 3J H - h  = 7 Hz, N (CH 2 CH3)2), 2.22 (s, 15H, C5(CH3)5), 0.95 (t, 18H, 3 J H - h  = 7 Hz, 
N(CH 2CH3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 8 : 125.7 (s, C 5(CH3)5), 39.8 (d, 2JP.C = 5 
Hz, N (CH 2CH3)2), 14.1 (d, 3JP.C = 3 Hz, N(CH 2CH3)2), 13.4 (s, C5(CH3)5). EA found C, 
50.81; H, 8.60; N, 11.06; calculated C, 51.27; H, 8.80; N, 10.87. X-ray quality crystals 
were obtained from  slow evaporation o f a toluene/hexanes solution.
C p*TiC l2 [NP(N(/-Pr)(M e))3] ( 6 .2 9 ) :  To a red slurry o f C p*TiC l3 (0.702 g, 2.43 mmol) in 
toluene (30 mL) was added a solution o f Me3 SiNP(N(/'-Pr)(Me) ) 3 ( 6 . 1 4 )  (0.812 g, 2.43 
mmol) in  toluene (20 mL). The resulting red solution was stirred at room temperature for 
12 hours. The solvent and volatile products were removed under vacuum to cause the 
formation o f an orange solid. The solid was washed w ith hexanes (5 mL), and dried 
under vacuum to give an orange solid. Y ield (0.874 g, 1.70 mmol, 70%). 31P {1H } NMR 
(202 MHz, C6D6) 8 : 4.4 (s). *H NM R (500 MHz, C6D6) 8 : 3.99 (d(sept), 3H, 3JP.H = 10 
Hz, 3JH-h = 7 H z  CH(CH3)2), 2.22 (d, 9H, 3JP.H = 11 Hz, NCH3), 2.21 (s, 15H, C5(CH3)5),
1.01 (d, 18H, 3JH-h = 6.7 Hz, CH(CH3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 5: 125.7 (s, 
C 5(CH3)5), 46.7 (d, 2JP.c = 5 Hz, CH(CH3)2), 27.0 (d, 2JP.C -  4 Hz, NCH3), 20.8 (d, 3JP.C = 
3 Hz, CH(CH3)2), 13.4 (s, C5(CH3)5). EA found C, 51.47; H, 9.14; N, 10.85; calculated 
C, 51.27; H, 8.80; N , 10.87.
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Cp*TiC l2 [NP(N(Et)(Ph))3 ] (6.30): To a red slurry o f C p*TiC l3 (0.405 g, 1.40 mmol) in 
toluene (15 m L) was added a solution o f Me3 SiNP(N(Et)(Ph) ) 3  (6.15) (0.994 g, 2.08 
mmol) in  toluene (15 mL). The resulting red solution was heated at refluxing temperature 
for 12 hours. The volume o f the solution was reduced to -  15 mL under vacuum, then 
filtered through Celite. The solvent and volatile products were removed under vacuum to 
cause the formation o f an orange solid. The solid was washed w ith hexanes (10 mL) and 
pentanes (10 m L), and dried under vacuum to give a yellow solid. Y ield (0.786 g, 1.19 
mmol, 85%). ^ P ^ H } NM R (202 MHz, C6D6) 8 : -5.9 (s). *H NM R (500 MHz, C6D6) 8 : 
7.16 (d, 6 H, partially obscured by C6D 6 , NC 6H 5 (ortho)), 7.09 (pseudo t, 6 H, 3 J H -h  =  8  
Hz, NC6H 5 (meta)), 6.96 (t, 3H, 3J H -h  = 7 Hz, NC 6H 5 (para)), 3.62 (dq, 6 H, 3JP.H = 7 Hz, 
3 J H -h  = 7 Hz, NCH 2 CH3), 2.15 (s, 15H, C5(CH3)5), 0.57 (t, 9H, 3J H -h  = 7 Hz, NCH2CH3). 
13C {1H } NM R (75.5 MHz, C6D6) 8 : 142.5 (s, NC 6H 5 (ipso)), 131.0 (d, 3JP.C = 3 Hz, 
NC 6H 5 (ortho)), 129.4 (s, NC 6H 5 (meta)), 126.9 (s, C 5(CH3)5), 126.7 (s, NC 6H 5 (para)),
47.0 (d, 2JP.C = 5 Hz, NCH 2CH3), 13.8 (d, 3JP.C = 5 Hz, NCH2 CH3) 13.5 (s, C5(CH3)5). 
EA found C, 61.65; H, 7.16; N, 8.74; calculated C, 61.92; H, 6 .8 8 ; N, 8.50.
C p*TiC l2 [NP(N(«-Pr)2 )3] (6.31): To a red slurry o f C p*TiC l3 (0.290 g, 1.00 mmol) in 
toluene (20 m L) was added a solution o f Me3SiNP(N(u-Pr)2 )3  (6.16) (0.419 g, 1.00 
mmol) in toluene (10 mL). Hexanes (-20 mL) were added and the solution was stirred at 
room temperature for 48 hours. The volume o f the solution was reduced under vacuum to 
-10  mL and then filtered through Celite. The solvent and volatile products were removed 
from the filtra te under vacuum to produce an orange solid. Y ield (0.574 g, 0.957 mmol, 
96%). 3 1P {1H } N M R  (202 MHz, C6D6) 8 : 5.0 (s). *H NM R (500 MHz, C6D6) 8 : 2.99 (m, 
1 2 H, N (CH 2CH2CH3)2), 2.24 (s, 15H, C5(CH3)5), 1.52 (m, 1 2 H, N(CH 2CH2 CH3)2), 0.85 
(t, 18H, 3JH-h = 7 Hz, N(CH 2CH2 CH3)2). 13C {*H } NM R (126 MHz, C6D6) 8 : 125.8 (s, 
C 5(CH3)5), 48.4 (s, N (CH 2CH2CH3)2), 22.1 (s, N(CH 2 CH2 CH3)2), 13.5 (s, C5(CH3)5),
12.0 (s, N(CH 2CH2CH 3)2). EA found C, 55.15; H, 9.41; N, 9.27; calculated C, 56.09; H, 
9.58; N, 9.35.
Cp*TiC l2 [NP(N(n-Bu)2)3] (6.32): To a red slurry o f C p*TiC l3 (0.314 g, 1.08 mmol) in 
toluene (20 m L) was added a solution o f Me3 SiNP(N(«-Bu)2 )3  (6.17) (0.545 g, 1.08
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mmol) in toluene (10 mL). Hexanes (-20 m L) were added and the solution was stirred at 
room temperature for 48 hours. The volume o f the solution was reduced under vacuum to 
-10  mL and then filtered through Celite. The solvent and volatile products were removed 
from the filtra te under vacuum to produce an orange solid. Y ield (0.670 g, 0.980 mmol, 
91%). 31P {1H } NM R (202 MHz, C6D6) 6 : 5.4 (s). *H NMR (500 MHz, C6D6) 6 : 3.00 (m, 
12H, N (CH 2CH2CH2CH3)2), 2.25 (s, 15H, C5(CH3)5), 1.61 (m, 1 2 H,
N(CH 2 CH2CH2 CH3)2), 1.32 (pseudo sextet, 12H, 3JH-h  = 7 Hz, N(CH 2CH2CH2CH3)2), 
0.96 (t, 18H, 3JH-h = 7 Hz, N(CH 2CH2 CH2CH3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 5: 
125.8 (s, C 5(CH3)5), 46.4 (d, 2JP.C = 4 Hz, N (CH 2CH2CH2CH3)2), 31.1 (d, 3JP.C = 3 Hz, 
N(CH 2CH 2 CH2CH3)2), 21.3 (s, N(CH 2CH2CH2CH3)2), 14.7 (s, N(CH 2CH2CH2CH3)2),
13.5 (s, C5(CH3)5). EA found C, 59.50; H, 10.51; N, 8.18; calculated C, 59.73; H, 10.17; 
N, 8.19.
6.2.6 Synthesis of Cyclopentadienyl Titanium Dimethyl Complexes
CpTiMe2 [NP(CH3NCH 2 )3 CCH3] (6.33): To a slurry o f CpTiCl2 [NP(CH3NCH 2)3CCH3] 
(6.19) (0.083 g, 0.22 mmol) in  ether (5 mL) was added 3.0 M  MeMgBr in diethyl ether 
(0.17 mL, 0.51 mmol). The resulting grey/green suspension was stirred at room 
temperature for 12 hours. The solvent was removed under vacuum. 10 mL o f benzene 
was added, and the resulting suspension was filtered through Celite. The filtrate was 
reduced to dryness under vacuum to give a pale yellow solid. Y ield (0.055 g, 0.17 mmol; 
75%). 31P {'H } NM R (121 MHz, C6D6) 6 : -9.6 (s). *H NM R (500 MHz, C6D6) 6 : 6.22 (s, 
5H, Cp), 2.60 (d, 9H, 3JP.H = 13 Hz, P(CH3NCH2)3CCH3), 2.54 (d, 6 H, 3JP.H = 7 Hz, 
P(CH3NCH 2)3CCH3), 0.90 (s, 6 H, Ti(C H 3)2), 0.30 (singlet, 3H, P(CH3NCH 2)3CCH3). 
^ C ^ H } NM R (75.5 MHz, C6D6) 6 : 111.5 (s, Cp), 63.4 (s, P(CH3NCH 2)3CCH3), 44.5 (s, 
Ti(CH3)2), 36.7 (s, P(CH3NCH2 )3CCH3), 33.0 (d, 3JP.C = 28 Hz, P(CH3NCH 2)3CCH3),
21.2 (s, P(CH3NCH 2)3CCH3). EA found C, 52.27; H, 8.67; N , 16.26; calculated C, 52.33; 
H, 8.49; N, 16.27.
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CpTiMe2 [NP(CH3NCH 2CH2)3N ] (6.34): To a yellow  slurry o f
CpTiCl2 [TSfP(CH3NCH 2CH2)3N ] (6.20) (0.128 g, 0.309 mmol) in  ether (5 mL) was added
1.4 M M eLi in  ether (0.46 mL, 0.64 mmol). The resulting grey/green suspension was 
stirred at room temperature for 2 hours. The solvent was removed under vacuum. 10 mL 
o f benzene was added, and the resulting suspension was filtered through Celite. The 
filtrate was reduced to dryness under vacuum to give a pale yellow  solid. Y ield (0.095 g, 
0.24 mmol, 78%). 3 1P {1H } NM R (121 MHz, C6D6) 8 : -5.1 (s). *H NM R (300 MHz, 
C6D6) 8 : 6.29 (s, 5H, Cp), 2.67 (d, 9H, 3JP.H = 8  Hz, P(CH3NCH 2 CH2)3N), 2.39 (m, 6 H, 
P(CH3NCH 2 CH2)3N), 2.21 (t, 6 H, 3JH-h = 5 Hz, P(CH3NCH 2 CH2)3N), 0.80 (s, 6 H, 
Ti(C H 3)2). 13C {jH } NM R (75.5 MHz, C6D6) 8 : 111.0 (s, Cp), 51.9 (d, 2JP.C = 3 Hz, 
P(CH3NCH 2CH2)3N), 50.2 (s, P(CH3NCH2CH2 )3N), 40.1 (s, T i(C H 3)2), 36.0 (d, 2JP.C = 6  
Hz, P(CH3NCH 2 CH2 )3N). EA found C, 50.55; H, 8.15; N, 19.00; calculated C, 51.48; H, 
8.64; N, 18.76. X-ray quality crystals were obtained from slow evaporation o f a diethyl 
ether solution.
CpTiMe2 [NP(NMe2)3] (6.35)15: To a yellow slurry o f CpTiCl2 [P(NMe2)3] (6.21) (0.201 
g, 0.557 mmol) in  ether (10 m L) was added 1.4 M  M eLi in  ether (0.83 mL, 1.162 mmol). 
The solvent was removed immediately under vacuum to produce a green residue. The 
green residue was extracted w ith hexanes (10 mL), and the L iC l was removed by 
filtration. The solvent was removed under vacuum to produce a green solid. Y ield (0.152 
g, 0.475 mmol, 85%). 31P {1H } NM R (202 MHz, C6D6) 8 : 1.5 (s). *H NM R (300 MHz, 
C6D6) 8 : 6.22 (s, 5H, Cp), 2.40 (d, 18H, 3JP.H = 10 Hz, N(CH3)2), 0.77 (s, 6 H, T i(C H 3)2). 
13C {!H } NM R (75.5 MHz, C6D6) 8 : 111.2 (s, Cp), 41.2 (s, T i(C H 3)2), 37.4 (d, 2JP.C = 3 
Hz, N(CH3)2). EA found C, 47.54; H, 9.09; N, 17.85; calculated C, 48.76; H, 9.13; N, 
17.50.
CpTiMe2 [NP(NEt2)3] (6.36): To an orange solution o f CpTiCl2 [NP(NEt2)3 ] (6.22) (0 . 2 2 0  
g, 0.494 mmol) in  ether (20 mL) was added 3.0 M  MeMgCl in  THF (0.41 mL, 1.23 
mmol). The resulting pale yellow  suspension was stirred at room temperature for 20 
minutes. The solvent was removed under vacuum to produce a yellow  residue, which was 
then extracted w ith  hexanes ( 3 x 7  mL), and the MgCL was removed by filtration. The
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solvent was removed under vacuum to produce a brown oil. Y ie ld (0.198 g, 0.490 mmol, 
99%). 31P{*H } NM R  (202 MHz, C6D6) 8 : -1.0 (s). *H NM R (500 MHz, C6D6) 8 : 6.22 (s, 
5H, Cp), 2.98 (dq, 12H, 3JP.H = 1 0  Hz, 3JH-h = 7 Hz, N(CH 2CH3)2), 0.97 (t, 18H, 3JH-h = 7 
Hz, N(CH 2CH3)2), 0.65 (s, 6 H, Ti(C H 3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 8 : 111.1 (s, 
Cp), 40.9 (s, T i(C H 3)2), 39.9 (d, 2JP.C = 4 Hz, N(CH 2 CH3)2), 14.5 (s, N(CH 2 CH3)2). EA 
found C, 55.69; H, 10.03; N, 13.53; calculated C, 56.43; H, 10.22; N, 13.85.
CpTiMe2 [NP(N(z'-Pr)(Me))3] (6.37): To a yellow solution o f CpTiCl2 [NP(N(/-Pr)(Me))3]
(6.23) (0.207 g, 0.465 mmol) in  ether (20 mL) was added 3.0 M  MeMgCl in THF (0.39 
mL, 1.17 mmol). The resulting pale yellow suspension was stirred at room temperature 
for 20 minutes. The solvent was removed under vacuum to produce a yellow residue, 
which was then extracted w ith hexanes (2 x 10 mL), and the M gCl2 was removed by 
filtration. The solvent was removed under vacuum to produce a yellow  oil. Y ield (0.175 
g, 0.433 mmol, 93%). 31P {1H } NM R (202 MHz, C6D6) 8 : -1.0 (s). lH NM R (500 MHz, 
C6D6) 8: 6.21 (s, 5H, Cp), 4.27 (d(sept), 3H, 3JP.H = 10 Hz, 3JH-h =  7 H z  CH(CH3)2), 2.21 
(d, 9H, 3JP-h = 10 Hz, NCH3), 1.01 (d, 18H, 3JH-h = 7 Hz, CH(CH3)2), 0.64 (s, 6 H, 
T i(CH3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 8 : 111.1 (s, Cp), 46.5 (d, 2JP.C = 5 Hz, 
CH(CH3)2), 40.8 (s, T i(C H 3)2), 26.6 (d, 2JP.C = 3 Hz, NCH3), 20.7 (d, 3JP.C = 3 Hz, 
CH(CH3)2). EA found C, 55.48; H, 10.34; N, 14.21; calculated C, 56.43; H, 10.22; N, 
13.85.
CpTiMe2 [NP(N(Et)(Ph))3] (6.38): To a yellow suspension o f CpTiC l2 [NP(N(Et)(Ph))3]
(6.24) (0.212 g, 0.360 mmol) in  ether (20 mL) was added 3.0 M  MeMgCl in THF (0.30 
mL, 0.90 mmol). The resulting pale yellow suspension was stirred at room temperature 
for 20 minutes. The solvent was removed under vacuum to produce a yellow  residue, 
which was then extracted w ith hexanes ( 3 x 7  m L), and the M gCl2 was removed by 
filtration. The solvent was removed under vacuum to produce a yellow  solid. Y ield 
(0.196 g, 0.357 mmol, 99%). 3 1P {!H } NM R (202 MHz, C6D6) 8 : -16.1 (s). *H NM R (500 
MHz, C6D6) 8 : 7.24 (d, 6 H, 3JH-h = 8  Hz, NC 6H 5 (ortho)), 7.14 (pseudo t, 6 H, 3JH-h = 8  
Hz, NC6H 5 (meta)), 6.98 (t, 3H, 3JH-h = 7 Hz, NC 6H 5 (para)), 5.85 (s, 5H, Cp), 3.47 (dq, 
6 H, 3Jp.h = 7 Hz, 3JH-h = 7 Hz, NCH 2CH3), 0.77 (t, 9H, 3JH-h = 7 Hz, NCH2CH3), 0.66 (s,
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6 H, Ti(CH3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 6 : 143.8 (d, 2JP.C = 4 Hz, NC 6H 5 (ipso)),
131.2 (d, 3JP.c = 3 Hz, NC 6H 5 (ortho)), 129.3 (s, NC 6H 5 (meta)), 126.3 (s, NC 6H 5 
(para)), 111.7 (s, Cp), 46.5 (d, 2JP.C = 4 Hz, NCH 2CH3), 43.7 (s, T i(C H 3)2), 14.4 (s, 
NCH2 CH3). EA found C, 68.03, H, 7.42; N, 9.94; calculated C, 67.88; H, 7.53; N, 10.21.
CpTiMe2 [NP(N(«-Pr)2)3] (6.39): To a yellow solution o f CpTiCl2 [NP(N(n-Pr)2)3] (6.25) 
(0.162 g, 0.306 mmol) in  diethyl ether (15 mL) was added 3.0 M  MeMgBr in  diethyl 
ether (0.22 mL, 0.66 mmol). The resulting pale yellow suspension was stirred at room 
temperature for 30 minutes. The solvent was removed under vacuum to produce a yellow 
solid residue, which was then extracted w ith pentanes ( 3 x 5  m L), and the M gBrCl was 
removed by filtra tion. The solvent was removed under vacuum to produce a yellow solid. 
Y ield (0.130 g, 0.266 mmol, 87%). 3 1P {1H } NM R (122 MHz, C6D6) 5: -0.6 (s). *H NMR 
(300 MHz, C6D 6) 5: 6.27 (s, 5H, Cp), 2.97 (m, 12H, N(CH 2CH2CH3)2), 1.53 (m, 12H, 
N(CH 2CH 2CH3)2), 0.82 (t, 18H, 3JH-h = 7 Hz, N(CH 2 CH2CH3)2), 0.71 (s, 6 H, T i(C H 3)2). 
13C {’H } NM R (75.5 MHz, C6D6) 6 : 111.2 (s, Cp), 48.9 (d, 2JP.C = 4 Hz, 
N(CH 2CH2CH3)2), 41.1 (s, T i(C H 3)2), 22.7 (d, 3JP.C = 3 Hz, N(CH 2 CH 2CH3)2), 12.1 (s, 
N(CH 2 CH2 CH3)2). EA found C, 60.58; H, 11.27; N  11.28; calculated C, 61.46; H, 10.93; 
N, 11.47.
CpTiMe2 [NP(N(«-Bu)2)3] (6.40): To a yellow solution o f CpTiCl2 [NP(N(«-Bu)2)3] (6.26) 
(0.279 g, 0.455 mmol) in  ether (15 mL) was added 3.0 M  MeMgBr in diethyl ether (0.32 
mL, 0.96 mmol). The resulting pale yellow suspension was stirred at room temperature 
for 30 minutes. The solvent was removed under vacuum to produce a yellow residue, 
which was then extracted w ith pentanes ( 3 x 5  mL), and the M gBrCl was removed by 
filtration. The solvent was removed under vacuum to produce a yellow  solid. Y ield 
(0.198 g, 0.346 mmol, 76%). 31P {!H } NMR (122 MHz, C6D6) 5: 0.0 (s). 'H  NM R (300 
MHz, C6D6) 8 : 6.30 (s, 5H, Cp), 3.12 (m, 12H, N(CH 2CH2 CH2CH3)2), 1.61 (m, 12H, 
N(CH 2CH 2CH2CH3)2), 1.27 (pseudo sextet, 12H, 3 J H -h  = 7 Hz, N(CH 2CH2CH2CH3)2), 
0.94 (t, 18H, 3 J H -h  = 7 Hz, N(CH 2CH2CH2CH3)2), 0.72 (s, 6 H, T i(C H 3)2). ^ C l'H } NMR 
(75.5 MHz, C6D6) 8 : 111.2 (s, Cp), 46.9 (d, 2JP.C = 4 Hz, N (CH 2 CH2CH2CH3)2), 41.2 (s, 
Ti(CH3)2), 31.8 (d, 3JP.C = 3 Hz, N(CH 2CH2 CH2CH3)2), 21.4 (s, N(CH 2 CH2CH2CH3)2),
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14.7 (s, N(CH 2 CH2 CH2CH 3)2). EA found C, 63.98; H, 10.83; N, 10.72; calculated C, 
65.01; H, 11.44; N, 9.78.
Cp*TiMe2 [NP(NMe2)3] (6.41): To a yellow slurry o f C p*T iC l2 [NP(NMe2)3] (6.27) 
(0.210 g, 0.487 mmol) in  ether (15 mL) was added 3.0 M  MeMgCl in  THF (0.40 mL, 1.2 
mmol). The resulting pale yellow suspension was stirred at room temperature for 2 hours. 
The solvent was removed under vacuum to produce a yellow residue, which was then 
extracted w ith hexanes (20 mL) and the M gCl2 was removed by filtra tion. The solvent 
was removed under vacuum to produce a yellow solid. Y ield (0.171 g, 0.438 mmol, 
90%). 31P {1H } NM R (121 MHz, C6D6) 8 : 0.4 (s). JH NM R (500 MHz, C6D6) 8 : 2.50 (d, 
18H, 3 JP-h = 10 Hz, N (CH3)2), 2.08 (s, 15H, C5(CH3)5), 0.49 (s, 6 H, T i(C H 3)2). ^ C l'H } 
NMR (75.5 MHz, C6D6) 8 : 119.0 (s, C 5(CH3)5), 43.1 (s, T i(C H 3)2), 37.7 (d, 2JP.C = 4 Hz, 
N(CH3)2), 12.6 (s, C5(CH3)5). EA found C, 55.17; H, 10.16; N, 14.59; calculated C, 
55.38; H, 10.07; N, 14.35.
Cp*TiMe2 [NP(NEt2)3] (6.42): To a yellow slurry o f C p*TiC l2 [NP(NEt2)3] (6.28) (0.209 
g, 0.406 mmol) in  ether (15 mL) was added 3.0 M  MeMgCl in  THF (0.34 mL, 1.0 
mmol). The resulting pale yellow suspension was stirred at room temperature for 2 hours. 
The solvent was removed under vacuum to produce a yellow residue, which was then 
extracted w ith  hexanes (20 mL), and the M gCl2 was removed by filtration. The solvent 
was removed under vacuum to produce a yellow solid. Y ield (0.180 g, 0.379 mmol, 
93%). 31P {!H } NM R (121 MHz, C6D6) 8 : -0.9 (s). lU NM R (500 MHz, C6D6) 8 : 3.11 
(dq, 12H, 3Jp.H = 10 Hz, 3 JH-h = 7 Hz, N(CH 2 CH3)2), 2.08 (s, 15H, C5(CH3)5), 1.00 (t, 
18H, 3 JH-h = 7 Hz, N(CH 2CH3)2), 0.43 (s, 6 H, T i(C H 3)2). 13C {!H } NM R (75.5 MHz, 
C6D6) 8 : 118.7 (s, C 5(CH3)5), 43.2 (s, T i(C H 3)2), 39.7 (d, 2JP.C = 4 Hz, N(CH 2CH3)2),
14.4 (s, N(CH 2 CH3)2), 12.5 (s, C5(CH3)5). EA found C, 60.00; H, 10.89; N, 11.55; 
calculated C, 60.75; H, 10.83; N, 11.81.
Cp*TiM e2 [NP(N(/-Pr)(M e))3] (6,43): To a yellow  solution o f C p*TiC l2 [NP(N(/- 
Pr)(Me))3] (6.29) (0.200 g, 0.388 mmol) in ether (20 mL) was added 3.0 M  MeMgCl in 
THF (0.32 mL, 0.96 mmol). The resulting pale yellow suspension was stirred at room
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 6 -  Titanium-Tris(Amino)Phosphinimide Complexes 150
temperature for 1.5 hours. The solvent was removed under vacuum to produce a yellow 
residue, which was then extracted w ith hexanes ( 2 x 1 0  mL) and the M gCl2 was removed 
by filtration. The solvent was removed under vacuum to produce a yellow  solid. Yield 
(0.171 g, 0.360 mmol, 93%). 31P {!H } NM R (202 MHz, C6D6) 8 : -1.7 (s). *H NM R (500 
MHz, C6D6) 8 : 4.31 (d(sept), 3H, 3JP.H = 10 Hz, 3JH-h = 7 Hz CH(CH3)2), 2.32 (d, 9H, 3JP. 
H = 10 Hz, NCH3), 2.07 (s, 15H, C5(CH3)5), 1.05 (d, 18H, 3JH-h = 7 Hz, CH(CH3)2), 0.41 
(s, 6 H, T i(C H 3)2). “ C ^H } NM R (75.5 MHz, C6D6) 8 : 118.8 (s, C 5(CH3)5), 46.2 (d, 2JP.C 
= 6  Hz, CH(CH3)2), 43.0 (s, T i(C H 3)2), 27.0 (d, 2JP.C = 3 Hz, NCH3), 20.9 (d, 3JP.C = 3 
Hz, CH(CH3)2), 12.5 (s, C5(CH3)5). EA found C, 60.70; H, 11.12; N, 11.59; calculated C, 
60.75; H, 10.83; N, 11.81.
Cp*TiM e2 [NP(N(Et)(Ph))3] (6.44): To a yellow slurry o f C p*TiC l2 |NP(N(Et)(Ph))3]
(6.30) (0.198 g, 0.300 mmol) in  ether (15 mL) was added 3.0 M  MeMgCl in THF (0.25 
mL, 0.75 mmol). The resulting pale yellow suspension was stirred at room temperature 
for 5 hours. The solvent was removed under vacuum to produce a yellow  residue, which 
was then extracted w ith hexanes (20 mL) and the M gCl2 was removed by filtration. The 
solvent was removed under vacuum to produce a yellow solid. Y ield (0.163 g, 0.263 
mmol, 8 8 %). 3 1P {1H } NM R (121 MHz, C6D6) 8 : -13.4 (s). *H NM R (500 MHz, C6D6) 8 : 
7.21 (d, 6 H, 3Jh-h = 7 H z NC 6H 5 {ortho)), 7.13 (pseudo t, 6 H, 3Jh-h = 7, NC 6H 5 (meta)), 
6.97 (t, 3H, 3JH-h = 7 Hz, NC 6H 5 (para)), 3.65 (dq, 6 H, 3JP.H = 7 Hz, 3JH-h = 7 Hz, 
NCH 2CH3), 1.97 (s, 15H, C5(CH3)5), 0.71 (t, 9H, 3JH-h = 7 Hz, NCH 2 CH3), 0.55 (s, 6 H, 
T i(CH3)2). 13C {1H } NM R (75.5 MHz, C6D6) 8 : 144.1 (s, N C 6H 5 (ipso)), 130.0 (s, 
NC 6H5), 129.2 (s, N C 6H5), 125.9 (s, NC 6H5), 119.6 (s, C 5(CH3)5), 46.5 (s, NCH 2CH3),
45.9 (s, T i(C H 3)2), 14.2 (s, NCH 2 CH3), 12.5 (s, C5(CH3)5). EA found C, 69.45, H, 8.48; 
N, 9.08; calculated C, 69.89; H, 8.31; N, 9.06.
Cp*TiM e2 [NP(N(rc-Pr)2)3] (6.45): To a yellow solution o f C p*TiC l2 [NP(N(«-Pr)2)3]
(6.31) (0.196 g, 0.327 mmol) in  diethyl ether (15 mL) was added 3.0 M  MeMgBr in 
diethyl ether (0.24 mL, 0.72 mmol). The resulting pale yellow suspension was stirred at 
room temperature for 5 hours. The solvent was removed under vacuum to produce a 
yellow residue, which was then extracted w ith pentanes ( 3 x 5  mL), and the M gBrCl was
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removed by filtra tion. The solvent was removed under vacuum to produce a yellow solid. 
Y ield (0.163 g, 0.272 mmol, 83%). 31P {1H } NM R (202 MHz, C6D6) 6 : -1.0 (s). *H NMR 
(500 MHz, C6D6) 6 : 3.10 (m, 1 2 H, N(CH 2 CH2CH3)2), 2.10 (s, 15H, C5(CH3)5), 1.55 (m, 
12H, N(CH 2 CH 2CH3)2), 0.85 (t, 18H, 3J H -h  = 7 Hz, N(CH 2 CH2CH3)2), 0.45 (s, 6 H, 
Ti(CH3)2). 13C {1H } NM R (75.5 MHz, C6D6) 5: 118.4 (s, C 5(CH3)5), 48.2 (s, 
N(CH 2CH2 CH3)2), 42.9 (s, T i(C H 3)2), 21.8 (s, N(CH 2 CH2 CH3)2), 12.2 (s, C5(CH3)5),
11.8 (s, N(CH 2CH2 CH3)2). EA found C, 64.74; H, 11.53; N, 9.83; calculated C, 64.49; H, 
11.37; N, 10.03.
Cp*TiM e2 [NP(N(«-Bu)2)3] (6.46): To a yellow solution o f C p*TiC l2 [NP(N(n-Bu)2)3]
(6.32) (0.131 g, 0.192 mmol) in  diethyl ether (15 mL) was added 3.0 M  MeMgBr in 
diethyl ether (0.14 mL, 0.42 mmol). The resulting pale yellow suspension was stirred at 
room temperature for 5 hours. The solvent was removed under vacuum to produce a 
yellow residue, which was then extracted w ith pentanes ( 3 x 5  m L), and the M gBrCl was 
removed by filtra tion. The solvent was removed under vacuum to produce a yellow solid. 
Yield (0.118 g, 0.173 mmol, 90%). 31P {1H } NM R (202 MHz, C6D6) 5: -0.7 (s). *H NMR 
(500 MHz, C6D6) 8 : 3.23 (m, 12H, N(CH 2CH2 CH2 CH3)2), 2.12 (s, 15H, C5(CH3)5), 1.63 
(m, 12H, N(CH 2CH 2 CH2CH3)2), 1.30 (m, 12H, N(CH 2 CH2CH 2 CH3)2), 0.95 (t, 18H, 3JH-h 
-  7 Hz, N(CH 2CH2CH2CH3)2), 0.45 (s, 6 H, T i(CH3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 
8 : 118.4 (s, C 5(CH3)5), 46.2 (s, N (CH 2CH2 CH2CH3)2), 43.0 (s, T i(C H 3)2), 31.4 (d, 3JP.C = 
3 Hz, N(CH 2CH 2 CH2 CH3)2), 21.1 (s, N(CH 2CH2 CH2CH3)2), 14.4 (s,
N(CH 2CH2 CH2CH3)2), 12.2 (s, C5(CH3)5). EA found, C, 66.58; H, 11.60; N, 8.34; 
calculated C, 67.26; H, 11.76; N, 8.72.
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6.2.7 X-Ray Experimental
X-ray structural solutions o f P(N(Et)(Ph) ) 3  (6.6), P(iV-3-methylindolyl)3 (6.9),182 
CpTiCl2[NP(NMe2)3] (6.21),15 CpTiCl2[NP(N(/-Pr)(Me))3] (6.23), C p*TiC l2[NP(NMe2)3] 
(6.27), C p*TiC l2[NP(NEt2)3] (6.28), Cp*TiCl2[NP(N(/-Pr)(Me))3] (6.29), 
Cp*TiC l2[NP(N(rc-Bu)2)3] (6.32), CpTiMe2[NP(CH3NCH2CH2)3N ] (6.33) and 
CpTiMe2pSfP(CH3NCH2)3CCH3] (6.34) were performed as described in Section 5.2.7. 
Cell parameters, R, Rw and GoF values are located in Tables 6.1-6.3, while detailed 
structural parameters have been included as an appendix on CD (Appendix H). No 
residual electron density remained in any o f the solutions that were o f any chemical 
significance. ORTEP drawings o f the X-ray structural solutions are depicted in Figures 
6.4, 6.7, 6.10 and 6.13, while select bond distances and angles are provided in Tables 6.4, 
6.7, 6.10 and 6.14.
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Table 6.1. Crystallographic parameters for P(N(Et)(Ph) ) 3  (6.6), P(W-3-methylindolyl)3 
(6.9), CpTiCl2[NP(NMe2)3 ] (6.21) and CpTiCl2[NP(N(z-Pr)(Me))2)3] (6.23).
Crystal 6.6 6.9 6.21 6.23
Molecular Formula C2 4 H3oN3P C2 7 FI2 4N 3P C „H 2 3 Cl2N 4PTi C1 7H 3 5Cl2N 4PTi
Formula Weight 391.48 421.47 361.10 445.26
a (A) 13.088(8) 18.76(1) 8.650(1) 17.752(9)
b (A) 22.65(2) 18.76(1) 11.349(3) 16.426(8)
c (A) 14.672(8) 11.190(8) 18.049(3) 18.85(1)
a  (°) 90.00 90.00 90.00 90.00
P(°) 90.12(1) 90.00 97.38(1) 116.24(1)
Y(°) 90.00 1 2 0 . 0 0 90.00 90.00
Crystal System Monoclinic Trigonal Monoclinic Monoclinic
Space Group Cc R3c P2(l)/n P2(l)/c
Volume (A 3) 4350(5) 3411(4) 1757.1(6) 4931(4)
Dcaic (gem'3) 1.196 1.231 1.365 1 . 2 0 0
Z 8 18 4 8
Abs coeff, p., mm ' 1 0.140 0.140 0.875 0.636
0  range (°) 1.80-23.27 2.17-23.30 2.12-25.00 1.73-23.26
Reflections Collected 9174 4550 8672 20764
Data F0 2 > 3a(F02) 4395 1086 3044 7033
Parameters 505 94 172 451
R (%) 0.0580 0.0487 0.0543 0.0516
Rw(%) 0.1559 0.0982 0.1457 0.1334
Goodness o f Fit 1.054 1.006 1.048 0.927
The data were collected at 20°C with Mo Ka radiation (A, -  0.71069 A)
R = 2 | | F0 1 - 1 Fc | | / S | F0 | , Rw = [S ( | F0 | - | f c|)2/E  I F0 12 ] ° 5
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Table 6.2. Crystallographic parameters for C p*TiC l2 [NP(NMe2)3] (6.27), 
C p*TiC l2[NP(NEt2)3] (6.28) and C p*TiC l2[NP(N(/-Pr)(Me))2)3] (6.29).
Crystal 6.27 6.28 6.29
Molecular Formula C 1 6H 3 3Cl2N 4PTi C2 2H 4 5 Cl2N4PTi C2 2 H 4 5 Cl2N 4PTi
Formula Weight 431.23 515.39 515.39
a (A) 12.847(7) 10.69(2) 16.129(9)
b (A) 12.747(7) 16.14(2) 8.836(5)
c(A ) 14.182(7) 17.46(3) 20.81(1)
a  (°) 90.00 90.00 90.00
P O 102.778(9) 107.76(2) 91.76(1)
Y(°) 90.00 90.00 90.00
Crystal System Monoclinic Monoclinic Monoclinic
Space Group P2(l)/n P2(l)/n P2(l)/c
Volume (A3) 2265(2) 2867(7) 2965(3)
Dcaic (gem'3) 1.265 1.194 1.155
Z 4 4 4
Abs coeff, p., mm” 1 0.690 0.556 0.538
0  range (°) 1.94-23.29 2.00-23.31 2.30-23.22
Reflections Collected 9429 12093 12225
Data F0 2 > 3a(F02) 3240 4084 4199
Parameters 217 271 271
R (%) 0.0402 0.0584 0.0407
Rw(%) 0.1170 0.1323 0.1157
Goodness o f Fit 1.044 0.917 0.959
The data were collected at 20°C with Mo Ka radiation (X = 0.71069 A)
R = 2  1 | f 0 | - | f 0| | / E | f 0| , Rw = [E ( IF. | - | f c|)2/E I f .  I 2] 0 -5
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Table 6.3. Crystallographic parameters for C p*TiC l2 [NP(N(«-Bu)2)3] (6.32),
CpTiMe2 [NP(CH3NCH2)3CCH3] (6.33) and CpTiMe2[NP(CH3NCH2CH2)3N ] (6.34).
Crystal 6.32 6.33 6.34
Molecular Formula C3 4H 6 9Cl2N4PTi C i5H 2 9N 4PTi C i6H 3 2N 5PTi
Formula Weight 683.70 344.29 373.34
a (A) 10.685(6) 11.082(2) 10.5409(6)
b (A) 22.70(1) 21.565(6) 12.2801(7)
c(A ) 18.230(9) 8.059(1) 16.0166(9)
a (°) 90.00 90.00 90.00
P O 106.67(1) 99.57(1) 90.00
y(°) 90.00 90.00 90.00
Crystal System Monoclinic Monoclinic Orthorhombic
Space Group Cc P2(l)/c P2(l)2( 1)2(1)
Volume (A3) 4235(4) 1899.2(7) 2073.2(2)
Dcaic (gem'3) 1.072 1.204 1.196
Z 4 4 4
Abs coeff, p, mm ' 1 0.391 0.535 0.496
0  range (°) 1.79-23.22 1.86-25.00 2.09-24.00
Reflections Collected 8986 9474 8855
Data F0 2 > 3cr(F02) 4870 3303 3159
Parameters 379 190 199
R (%) 0.0333 0.0463 0.0882
Rw(%) 0.0665 0.1577 0.2305
Goodness o f Fit 1.039 1.033 1.017
The data were collected at 20°C with Mo Ka radiation (A, = 0.71069 A)
R = I  | | F0 | - 1 Fc | | / I  |F0 1, Rw = [2 ( | F0 1 - | Fc | f  / Z IfJ T 5
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6.2.8 Polymerization Protocol
Purification o f reagents used in the polymerizations was sim ilar to that described 
in Sections 3.2.2 and 3.2.3. Polymerization experiments were performed using the Buchi 
polymerization reactor according to the general procedures described in Section 3.3. In 
all polymerizations, the reactor was cleaned as described in Section 3.3.1. 600 mL o f 
toluene was transferred into the reactor, heated to 30 °C +/- 2 °C and pre-saturated w ith 
ethylene prior to injection o f pre-catalyst and co-catalyst, as described in Section 3.3.2. 
The solution was stirred at 1000 RPM for the duration o f the polymerization experiment. 
A t the end o f the experiments, the polymer was collected and treated as described in 
Section 3.3.6.
Polymerization experiments using MAO as the co-catalyst were conducted for 30 
minutes. In these polymerizations, 500 equivalents o f MAO were injected into the reactor 
and the solution was stirred for 5 minutes prior to injecting a toluene solution o f the 
titanium dichloride pre-catalyst. Polymerization experiments where B(C 6F5)3  was used as 
the co-catalyst were typically conducted for 10 minutes, unless indicated otherwise.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 6 -  Titanium-Tris(Amino)Phosphinimide Complexes 157
6.3 Results and Discussion
6.3.1 Phosphine Syntheses
The phosphines employed in this study were either purchased or prepared via 
literature methods. The multistep synthetic route to P(CH3NCH 2)3 CCH3 (6.1) is shown in 
Figure 6.1. CH3C(CH2NH 2 )3  was prepared from CH3C(CH2OH)3 via a slight 
modification o f a procedure published by Fleischer and co-workers.188 Subsequently, 
CH3C(CH2NH(CH 3 ) ) 3  was prepared by the route o f Gade and Mahr.189 The final
1 79transamination reaction was originally reported by Verkade and co-workers.
P(CH3NCH2CH2)3N (6.2) was prepared from N(CH2CH2NH2)3 via the synthetic 
route established by Verkade and co-workers, as shown in  Figure 6.2.180,190
CH3 C(CH2 OH) 3
6.1




















sat. aq. K2 C03, 0°C
b) LiAlH4, THF, 0°C
c) H2 0, 15% NaOH
CH3 C(CH2N 3 ) 3
a) LiAlH4, 
THF, 0°C
b) H2 0, 15% 
NaOH
CH3 C(CH2NH2 ) 3
Ts = * - S- f - Oo
c h 3
Figure 6.1. Synthetic route to P(CH3NCH2)3CCH3 (6.1). 172,188,189
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a) ClC02Et ,PhH, H2 0, a) ClP(NEt2)2, /
K0H \  CH3CN \  /
b) L iA IH 4, THF, 0°C \  . b)KOr-Bu \ _ P^ N y
............  c) H2 0, 15% NaOH y NH HN CH3CN /
N(CH2 CH2NH2 3  -----------------------► ( y   ► /  V
HN \
Figure 6.2. Synthetic route to P(CH3NCH2CH2)3N (6.2). 180,190
6.2
P(N(/-Pr)(Me ) ) 3 (6.5)185 and P(N(r?-Bu) 2 )3  (6 .8)181 were prepared by addition o f 6  
equivalents o f the appropriate secondary amine to PCI3 , 181 while P(N(Et)(Ph) ) 3 (6 .6 ) was 
prepared by refluxing HN(Et)(Ph), NEt3 and PC13 in  toluene. 186 P(/V-3-methyl indolyl)3
(6.9)182 was prepared by deprotonating 3-methylindole w ith n-BuLi, followed by reaction 
w ith PCI3 (Figure 6.3).
6.5 HN(/-Pr)(Me) + PC13
















Figure 6.3. Synthetic routes to P(N(/-Pr)(Me ) ) 3 (6.5),185 P(N(Et)(Ph) ) 3  (6.6),180 P(N(«-186
Bu)2)3 (6.8)181 and P(iV-3-methylindolyl) 3 (6.9). 182
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The successful preparation o f the phosphines was confirmed by 31P {1H }, *H and 
^ C ^ H } NM R spectroscopy. In addition, X-ray crystallography was employed to 




Figure 6.4. ORTEP diagrams (50% probability) o f P(N(Et)(Ph) ) 3  (6.6) and P(AL3- 
m ethylindolyl) 3  (6.9). Hydrogen atoms have been omitted for clarity.
Two molecules o f P(N(Et)(Ph) ) 3  (6.6) were found in  the asymmetric unit. An 
ORTEP diagram is displayed in  Figure 6.4. The P-N bond distances and N-P-N bond 
angles for both molecules in  the asymmetric unit are listed in  Table 6.4. In the X-ray 
structure o f P(A-3-methylindolyl)3 (6.9), the (A7-3 -m ethylindolyl) substituents are related 
to each other by symmetry, thus a ll o f the P-N bond distances and N-P-N bond angles are 
equivalent, and a single value is reported in Table 6.4.
Table 6.4. Selected bond distances and angles o f P(N(Et)(Ph) ) 3  (6.6) and P(A'-3- 
m ethylindolyl) 3  (6.9).












6.6 1.724(4) 1.723(4) 1.728(5) 102.3(2) 102.0(2) 102.2(2)
1.735(5) 1.728(5) 1.735(6) 102.8(3) 102.9(3) 102.4(3)
6.9 1.709(3) 100.6(1)
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The phosphorus atoms in P(N(Et)(Ph) ) 3  (6.6) and P(tV-3-methylindolyl)3 (6.9) 
have pyramidal geometry, as indicated by the N-P-N bond angles. For example, in 
P(N(Et)(Ph))3 (6.6), the N-P-N angles range from 102.0(2)° to 102.9(3)°, while the N-P-N 
angle in  P(N-3-methylindolyl)3 (6.9) is 100.6(1)°. For P(N(Et)(Ph))3 (6.6), the P-N bond 
distances range from  1.723(4) to 1.735(5) A, while fo r P(7V-3-methylindolyl)3 (6.9), the 
P-N bond distance is 1.709(3) A.
6.3.2 Synthesis of Phosphinimines
The phosphinimine ligands were prepared using the Staudinger reaction,191'193 as 
shown below in  Figure 6.5.
Staudinger Reaction






























Figure 6.5. Synthesis o f the phosphinimines.
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For a ll o f the phosphinimine syntheses, except for Me3 SiNP(CH3NCH2)3CCH3
(6.10), solvents such as benzene, toluene or xylenes were employed during the reactions. 
A ll products were identified by multinuclear NM R spectroscopy. Typically, conversion 
o f the phosphine (PR3) to the phosphinimine (Me3 SiNPR3) was indicated by a large 
upheld shift in  the 31P {1H } NM R spectra (Table 6.5). P(iV-3 -m ethylindolyl)3  (6.9) could 
not be quantitatively oxidized by N 3 SiMe3 , even after prolonged heating in 
xylenes/N3 SiMe3 mixtures.
Table 6.5. 31P {'H }N M R  spectroscopic dataa (8 (ppm)) for the phosphines and 
phosphinimines employed in  this study.
Phosphine 31P{‘H} Phosphinimine 31P{1H}
P(CH3NCH2)3CCH3 (6.1) 83.9b Me3SiNP(CH3NCH2)3CCH3 (6.10) 5.3
P(CH3NCH2CH2)3N (6.2) 120.3 Me3SiNP(CH3NCH2CH2)3N (6.11) 8.6
P(NMe2)3 (6.3) 122.7 Me3SiNP(NMe2)3 (6.12) 14.9
P(NEt2)3 (6.4) 118.3 Me3SiNP(NEt2)3 (6.13) 9.7
P(N(i-Pr)(Me))3 (6.5) 119.7 Me3SiNP(N(i-Pr)(Me))3 (6.14) 10.6
P(N(Et)(Ph))3 (6.6) 110.4 Me3SiNP(N(Et)(Ph))3 (6.15) -5.8
P(N(«-Pr)2)3 (6.7) 121.6 Me3SiNP(N(n-Pr)2)3 (6.16) 10.3
P(N(«-Bu)2)3 (6.8) 121.5 Me3S iN P(N(«-Bu)2)3 (6.17) 10.9
P(/V-3-methylindolyl)3 (6.9) 66.6 n/a n/a
a C6 D6 was used as the solvent unless otherwise noted. 
b CDCI3 was employed as the solvent.
The 31P {1H } NM R spectra for most o f the phosphines in which both amino 
substituents were alkyl groups revealed resonances at ~ 120 ppm. However, introducing 
ring strain, as in  the case for P(CH3NCH2)3CCH3 (6.1), resulted in  a shift in  the 31P {'H } 
NMR resonance to 83.9 ppm. Substituting a phenyl ring for an alkyl substituent, as in the 
case o f P(N(Et)(Ph) ) 3  (6 .6 ), resulted in  a shift o f the resonance in the 3 IP {1H } NMR 
spectrum to 110.4 ppm. For P(7V-3 -methylindolyl) 3  (6.9), 31P {1H } NM R spectroscopy 
revealed a single peak at 6 6 . 6  ppm.
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As was the case for the corresponding phosphines, the 31P {'H } NM R chemical
shifts are quite sim ilar fo r the phosphinimines in which both amino substituents were
alkyl groups. Me3 SiNP(N(Et)(Ph) ) 3  (6.15) demonstrated the lowest chemical shift at -5.8
ppm, while the highest chemical shift was observed for Me3 SiNP(NMe2 )3  (6.12) at 14.9 
• • ^ 1 1
ppm. Sim ilar to the P{ H } NM R chemical shifts observed for the phosphines, the
O i l  ( j
P{ H } NM R chemical shifts for the phosphinimine ligands suggest that the magnetic 
environments about the phosphorus atoms are most sim ilar for 
Me3SiNP(CH3NCH 2 CH2)3N  (6.11), Me3SiNP(NEt2)3 (6.13), Me3SiNP(N(i-Pr)(Me))3 
(6.14), Me3SiNP(N(H-Pr) 2 )3  (6.16) and Me3SiNP(N(«-Bu)2)3 (6.17). In addition, the 
31P{*H} NM R spectroscopic data suggest that addition o f the phenyl group, as seen in the 
ligand, Me3 SiNP(N(Et)(Ph) ) 3  (6.15), has altered the magnetic environment o f the 
phosphorus relative to that observed for the phosphinimide ligands w ith  dialkyl amino 
substituents.
6.3.3 Syntheses of CpTiCI2[NP(NR1R2)3] complexes
Cyclopentadienyl titanium  dichloride complexes CpTiCl2 [NP(NRIR2)3] 
( [N P tN R ^ ] = [NP(CH3NCH2)3CCH3] (6.19), [NP(CH3NCH2CH2)3N] (6.20), 
[NP(NMe2)3] (6.21),15 [NP(NEt2)3] (6.22), [NP(N(i-Pr)(Me))3] (6.23), [NP(N(Et)(Ph))3] 
(6.25), [NP(N(«-Pr)2)3] (6.25) and [NP(N(«-Bu)2)3 ] (6.26)) were synthesized from 
CpTiCft, and the appropriate phosphinimine precursors (Figure 6.6).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 6 -  Titanium-Tris(Amino)Phosphinimide Complexes 163
General Reaction
M e3SiNPR3 + C pT iC l3
M e3S iNP(CH3N C H 2)3CCH3 (6.10) 
M e3S iNP(CH3N C H 2C H 2)3N  (6.11)
M e3SiN P(NM e2)3 (6.12) 
M e3S iN P(NEt2)3 (6.13) 
M e3S iN P(N ((/-P r)(M e))3 (6.14) 
M e3S iN P(N((E t)(Ph))3 (6.15) 




C pT iC l2[NPR3]
C pT iC l3,
benzene,
re flux
C pT iC l3,
toluene,
RT
C pTiC l2 [NP(CH3N C H 2)3 CCH3] (6.19) 
C pT iC l2[NP(CH3N C H 2CH2)3N ] (6.20)
CpTiC  12[N P(N M e2)3] (6.21) 
C pT iC l2[N P(N Et2)3] (6.22) 
C pT iC l2 [N P(N ((/-P r)(M e))3] (6.23) 
C pT iC l2[N P(N ((E t)(Ph))3] (6.24) 
C pT iC l2[NP(N(«-Pr)2)3] (6.25) 























Figure 6.6. Synthesis o f the cyclopentadienyl titanium  dichloride complexes.
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The CpTiC l2 [NP(NR R )3] complexes were characterized by elemental analysis 
and multinuclear NM R spectroscopy (see Table 6.6).
Table 6.6. Selected NM R spectroscopic dataa (8 (ppm)) fo r the CpTiCEfNPlNR’R2̂  
complexes.
[NP(NR1R2)3] 3IP{'H} ^ C p "C ^H E C p
[NP(CH3NCH2)3CCH3] (6.19) -5.7 6.45 116.5
[NP(CH3NCH2CH2)3N] (6.20) -0.2 6.53 114.6
[NP(NMe2)3] (6.21) 5.6 6.44 115.4
[NP(NEt2)3] (6.22) 3.4 6.48 115.3
[NP(N(/-Pr)(Me))3] (6.23) 3.4 6.47 115.2
[NP(N(Et)(Ph))3] (6.24) I 272:-1;1.1 6.03 116.2
[NP(N(«-Pr)2)3] (6.25) 3.8 6.50 115.3
[NP(N(«-Bu)2)3] (6.26) 4.5 6.53 115.3
a C6D6 solvent.
For the most part, 13C {1H } NM R spectroscopic data revealed very sim ilar 
chemical shifts for the Cp carbons in all o f the CpTiCl2 [NP(NR1R2)3] complexes. 
However, the resonance o f the Cp carbons in the spectrum for CpTiC l2 [NP(N(Et)(Ph))3] 
(6.24) is approximately 1 ppm higher, at 116.2 ppm, while for 
CpTiCl2 [NP(CH3NCH2CH2)3N ] (6.20), the resonance occurs at 114.6 ppm (see Table 
6.6).
*H NM R  spectroscopic analysis revealed sim ilar chemical shifts for the 
cyclopentadienyl protons for all o f the complexes (6.44 -  6.53 ppm), except 
CpTiCl2 [NP(N(Et)(Ph))3] (6.24) (6.03 ppm). Previous work performed on titanium 
phosphinimide complexes suggested that increasing the electron donating ability o f the 
phosphinimide ligand resulted in  a downfield shift in  the NM R spectra for the Cp 
protons.194 This suggests that [NP(N(Et)(Ph))3]~ may not be as electron donating as the 
other /m(amino)phosphinimide ligands [NP(NR1R2)3]~ studied herein.
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6.3.4 X-Ray analysis of the CpTiCI2[NP(NR1R2)3] complexes
CpTiC l2[NP(NMe2)3] (6.21)15 and CpTiCl2[NP(N(i-Pr)(M e))3] (6.23) were 






















Figure 6.7. ORTEP diagrams (50% probability thermal ellipsoids) for 
CpTiCl2[NP(NMe2)3] (6.21) and CpTiCl2[NP(N(/-Pr)(Me))3] (6.23a and 6.23b). 
Hydrogen atoms have been omitted for clarity.
Two molecules were found in the asymmetric unit for the solution o f 
CpTiCl2[NP(N(z'-Pr)(Me))3] (6.23a and 6.23b), and both are illustrated in Figure 6.7. 
Selected bond distances and angles are reported in Table 6.7. The T i-N  bond distances
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are very sim ilar in  CpTiC l2 [NP(NMe2)3] (6.21) and the two molecules o f 
CpTiCl2 [NP(N(z-Pr)(Me))3 ] (6.23), ranging from 1.759(3) to 1.769(4) A. The P l-N l 
distances for 6.21 and 6.23a and the P2-N5 distance for 6.23b are essentially identical, at 
1.594(3), 1.593(3) and 1.593(1) A, respectively. However, the T il-N l-P l bond angle in 
CpTiCl2 [NP(NMe2 )3 ] (6.21) (164.3(2)°) is significantly smaller than the corresponding 
angles in CpTiC l2[NP(N(i-Pr)(M e))3] (6.23a) and (6.23b) (174.3(2)° and 173.1(3)°, 
respectively). This may be due to the increased steric bulk o f the phosphinimide ligand, 
[NP(N(/-Pr)(Me))3r ,  relative to [NP(NMe2)3]~.
Table 6.7. Phosphinimide bond geometry for CpTiC l2 [NP(NMe2)3] (6.21), and the two 
independent molecules o f CpTiCl2 [NP(N(i-Pr)(Me))3] (6.23a and 6.23b).




T il-N l-P l
o
CpTiCl2[NP(NMe2)3] (6.21) 1.759(3) 1.594(3) 164.3(2)
CpTiCl2[NP(N(/-Pr)(Me))3] (6.23a) 1.761(3) 1.593(3) 174.3(2)
CpTiCl2[NP(N(/-Pr)(Me))3] (6.23b) ■; it i - ^ (P2-N5) (Ti2-N5-P2)
1.769(4) 1.592(4) 173.1(3)
6.3.5 Polymerization testing of the CpTiCI2[NP(NR1R2)3] complexes
The CpTiC l2[NP(NR1R2)3] complexes ([N P ^R 'R ^s ] = [NP(NMe2)3] (6.21),15 
[NP(NEt2)3] (6.22), [NP(N(i-Pr)(M e))3] (6.23) and [NP(N(Et)(Ph))3] (6.24)), were tested 
for ethylene polymerization activity using 500 equivalents o f M AO as the co-catalyst. In 
addition, the dimethyl complexes CpTiMe2 [NP(CH3NCH 2)3CCH3] (6.33) and 
CpT iMe2 [NP(CH3N  CH2CH2)3N] (6.34) were tested in lieu o f
CpTiCl2[NP(CH3NCH 2)3CCH3] (6.19) and CpTiMe2 [NP(CH3NCH2CH2)3N] (6.20), due 
to the low  solubility o f 6.19 and 6.20 in  toluene. The polymerization experiments were 
conducted for 30 minutes, under an ethylene pressure o f 2 atm, using catalyst 
concentrations o f either 50 or 100 pmol L "1. 600 mL o f toluene was used as the solvent,
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using a stirring rate of 1000 RPM. The results of these polymerization experiments are 
presented in Table 6.8.
Table 6.8. Polymerization testing of pre-catalysts CpTiMe2[NP(CH3NCH2)3CCH3] 
(6.33), CpT iMe2 [NP(CH3N  CH2CH2)3N] (6.34), CpTiCl2[NP(NMe2)3] (6.21),
CpTiCl2[NP(NEt2)3] (6.22), CpTiCl2[NP(N(/-Pr)(Me))3] (6.23) and 







M w PDI Aetivityc 
(g mmol-1 
hr-1 atm-1)
CpTiMe2[NP(CH3NCH2)3CCH3] 50 0.07d n/a n/a n/a 2.3d
(6.33)
CpTiMe2[NP(CH3NCH2CH2)3N] 50 0.08d n/a n/a n/a 2.7d ■: T
(6.34):
C pTi C12 [NP(N Me2)3] (6.21) 100 0.15e 257,100 533,600 2.08 2.4°
CpTiCl2[NP(NEt2)3] (6.22) 100 :)::V:L:lJ7eA 129,900 464,000 3.57 : 26e
CpTiCl2[NP(N(/-Pr)(Me))3] 50 0.40e 39,100 348,400 8.91 13e
(6.23)
CpTiCl2[NP(N(Et)(Ph))3] (6.24) 50 4.62° 135,500 624,800 4.61 150c
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, 500 equiv. MAO, Reaction Time = 30 min. 
b A ll polymerizations were conducted before the ethylene column was regenerated.
0 Activities are reported to 2 significant figures. 
d One trial.
e Average of two trials.
The polymerization activities are presented in Figure 6.8. 
CpTiMe2[NP(CH3N C H 2)3CCH3] (6.33), CpTiMe2[NP(CH3N C H2CH2)3N] (6.34) and 
CpTiCl2[NP(NMe2)3] (6.21) demonstrated low catalytic activities upon activation with 
MAO. However, the bulkier phosphinimide ligands corresponded with higher activities. 
For example, CpTiCl2[NP(NEt2)3] (6.22) and CpTiCl2[NP(N(/-Pr)(Me))3] (6.23) 
demonstrated moderate catalyst activities of 26 and 13 g mmol-1 hr-1 atm'1, respectively, 
while CpTiCl2[NP(N(Et)(Ph))3] (6.24) exhibited high catalyst activity (150 g mmol-1 hr-1
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atm-1). The higher activity derived from the pre-catalyst CpTiCl2[NP(N(Et)(Ph))3] (6.24) 
may be due to the bulk of the pNfP(N(Et)(Ph))3]-  ligand, which could provide steric 




(g mmol'1 hr'1 100 
atm'1)
6.33 6.34 6.21 6.22
Pre-Catalyst
6.23 6.24
Figure 6.8. Catalyst activities for CpTiMe2[NP(CH3NC H 2)3CCH3] (6.33), 
CpTiMe2[NP(CH3NC H 2CH2)3N] (6.34), CpTiCl2[NP(NMe2)3] (6.21), 
CpT iCl2 [NP(NEt2)3] (6.22), CpTiCl2[NP(N(/-Pr)(Me))3] (6.23) and
CpTiCl2[NP(N(Et)(Ph))3] (6.24) using M AO  as a co-catalyst.
6.3.6 Syntheses of the Cp*TiCI2[NP(NR1R2)3] complexes
In order to determine whether enhanced steric bulk of the cyclopentadienyl ligand
could increase the polymerization activity upon M AO  activation, analogous
• 1 2pentamethylcyclopentadienyl complexes of the general formula Cp*TiCl2[NP(NR R )3] 
([NPCSfR^2̂ ] =  [NP(NMe2)3] (6.27), [NP(NEt2)3] (6.28), [NP(N(/-Pr)(Me))3] (6.29), 
[NP(N(Et)(Ph))3] (6.30), [NP(N(n-Pr)2)3] (6.31) and [NP(N(«-Bu)2)3] (6.32)) were 
prepared as shown below in Figure 6.9.
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Me3SiNP(N((/-Pr)(Me))3 (6.14) Cp*TiCl3 Cp*TiCl2[NP(N((/-Pr)(Me))3] (6.29)
Figure 6.9. Syntheses of Cp*TiCl2[NP(NR1R2)3].
The Cp*TiC l2[NP(NR1R2)3] complexes were characterized by elemental analysis, 
multinuclear N M R  spectroscopy and, in some cases, X-ray crystallography. Selected 
31P {iH }, *H and 13C f1 H } N M R  spectroscopic data are listed in Table 6.9. For all of the 
complexes, the protons of the Cp* ligands (€ 5(0113)5) display resonances in the *H N M R  
spectra between 2.26 and 2.15 ppm, with the lowest chemical shift occurring for 
Cp*TiCl2[NP(N(Et)(Ph))3] (6.30). In the ^ C l'H }  N M R  spectra, the ring carbons of the 
Cp* ligands (C 5(CH3)5), occur in the range 125.7 to 126.9 ppm, with the highest value 
occurring for Cp*TiC l2[NP(N(Et)(Ph))3] (6.30). In combination, these results suggest that 
the phenyl groups of the ligand, [NP(N(Et)(Ph))3]~, influence the chemical shifts of the 
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Table 6.9. Select spectroscopic data for the pentamethylcyclopentadienyl complexes, 
C p*TiC l2[NP(NR1R2)3].
Complex 31P{'H} C5Me5 C5Me5
8 (ppm) T l NMR ^C l'H } NMR
8 (ppm) 8 (ppm)
Cp*TiCl2[NP(NMe2)3] (6.27) 6.1 2.21 126.1
Cp*TiCl2[NP(NEt2)3] (6.28) 5.6 125.7
Cp*TiCl2[NP(N((i-Pr)(Me))3] (6.29) 4.4 2.21 125.7
Cp*TiCl2[NP(N((Et)(Ph))3] (6.30) -5.9 2.15 126.9
Cp * Ti C12 [N P(N (n-Pr)2)3] (6.31) 5.0 2.24 125.8
Cp*TiCl2[NP(N(«-Bu)2)3] (6.32) 5.;4 , . 2.25 125.8
The 31P {'H } NM R chemical shifts o f the Cp* compounds, 
Cp*TiC l2 [NP(NR1R2)3], in  which the amino substituents are both alkyl groups, range 
from 4.4 ppm to 6.1 ppm. However, for C p*TiC l2 [NP(N(Et)(Ph))3 ] (6.30), the 31P {’H } 
NM R spectrum displays a resonance at -5.9 ppm, which represents a difference o f 11 
ppm relative to the chemical shift observed for C p*TiC l2 [NP(N(Et)2)3] (6.28).
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6.3.7 X-Ray Analysis of the Cp*TiCI2[NP(NR1R2)3] Complexes
The structures o f the complexes C p*TiC l2 [NP(NMe2)s] (6.27), 
Cp * T iC l2 [NP(NEt2)3] (6.28), C p*TiC l2[NP(N(/-Pr)(Me))3] (6.29) and C p*TiC l2[NP(N(w- 





















Figure 6.10. ORTEP diagrams (50% Probability thermal ellipsoids) o f 
Cp*TiC l2[NP(NMe2)3] (6.27), C p*TiC l2[NP(NEt2)3] (6.28), C p*TiC l2[NP(N(/-Pr)(Me))3]
(6.29) and C p*T iC l2 [NP(N(«-Bu)2)3 ] (6.32). Hydrogen atoms have been omitted for 
clarity.
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Selected bond distances and angles from X-ray crystallographic analyses o f 
C p*TiC l2[NP(NMe2)3] (6.27), C p*TiC l2[NP(NEt2)3] (6.28), C p*TiC l2[NP(N(z-Pr)(Me))3]
(6.29) and C p*T iC l2[NP(N(n-Bu)2)3] (6.32) are presented in Table 6.10. A ll o f the T i- 
phosphinimide bonds are approximately linear, ranging from 163.8(2)° to 175.7(2)°, w ith 
the smallest angle occurring for C p*TiC l2[NP(NMe2)3] (6.27). The P l-N l bond distances 
range from 1.586(4) to 1.594(3) A , while the T il-N l bond distances vary from 1.778(2) 
to 1.788(3) A.
Table 6.10. Phosphinimide bond geometries for C p*TiC l2[NP(NMe2)3] (6.27), 
Cp*TiC l2[NP(NEt2)3] (6.28), C p*TiC l2[NP(N(/-Pr)(Me))3] (6.29) and C p*TiC l2[NP(N(rc- 
Bu)2)3] (6.30).




T il- N l-P l
o
Cp*T iC l2 [NP(NMe2)3] (6.27) 1.788(3) 1.589(3) 163.8(2)
Cp*T iC l2 [NP(NEt2)3] (6.28) 1.786(4) 1.586(4) 175.7(2)
Cp*TiC l2 [NP(N0-Pr)(Me))3] (6.29) 1.778(2) 1.591(2) 170.3(2)
Cp*TiCI2 [NP(N(«-Bu)2)3] (6.32) 1.780(3) 1.594(3) 175.4(2)
6.3.8 Polymerization Testing of the Cp*TiCI2[NP(NR1R2)3] complexes
C p*TiC l2[NP(NMe2)3] (6.27), C p*TiC l2[NP(NEt2)3] (6.28), C p*TiC l2[NP(N(/- 
Pr)(Me))3] (6.29) and C p*T iC l2[NP(N(Et)(Ph))3] (6.30) were tested for catalytic activity 
using 500 equivalents o f M AO as the co-catalyst in  a sim ilar fashion to the analogous Cp 
substituted compounds. Polymerization experiments were conducted for 30 minutes, 
under an ethylene pressure o f 2 atm, employing catalyst concentrations o f 50 or 100 pmol 
L-1. 600 mL o f toluene was used as the solvent, w ith  a stir rate o f 1000 RPM. The 
polymerization results are displayed in Table 6.11.
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Table 6.11. Polymerization testing o f pre-catalysts C p*T iC l2[NP(NMe2)3] (6.27), 
Cp*TiC l2[NP(NEt2)3] (6.28), C p*TiC l2[NP(N(/-Pr)(Me))3] (6.29) and






M n M w PDI Activity® 
(g mmol-1 
hr-1 atm-1)
Cp*TiCl2[NP(NMe2)3] (6.27) 100 1.26d 82,600 141,800 1.72 21
Cp*TiCI2[NP(NEt2)3] (6.28) 100 90,100 149,100 1.65 39
Cp*TiCl2[NP(N(/-Pr)(Me))3] 50 1.66® 127,800 352,200 2.76 56
(6.29)
Cp * TiC 12 [N P(N(Et)(Ph))3] 50 6.08d 126,100 507,200 4.02 200
(6.30)
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, 500 equiv. MAO, Reaction Time = 30 min. 
b A ll polymerizations were conducted before the ethylene column was regenerated. 
c Activities are reported to 2 significant figures. 
d Average of two trials. 
e Average of three trials.
As illustrated in Figure 6.11, in  a ll cases, the C p*TiC l2[NP(NR1R2)3] complexes 
demonstrated higher activities upon activation by M AO than the analogous 
CpTiCl2[NP(NR1R2)3] precursors. For example, the catalyst activity o f 
Cp*TiC l2[NP(NMe2)3] (6.27) was 21 g mmol-1 hr-1 atm-1, which is significantly higher 
than that observed using the pre-catalyst CpTiCl2[NP(NMe2)3] (6.21) (2.4 g mmol-1 hr-1 
atm-1). It is like ly  that the bulkier Cp* ligand improves catalyst activity by providing 
additional electron density to the titanium center, which assists in  the ion-pair separation 
process. In addition, the additional steric bulk may increase polymerization activity by 
providing extra steric protection from catalyst deactivation pathways involving MAO or 
trim ethyl aluminum.96,98,99 The highest activity was observed using 
Cp*TiC l2[NP(N(Et)(Ph))3] (6.30) as a pre-catalyst, which contains the bulky 
[NP(N(Et)(Ph))3]-  ligand. The [NP(N(Et)(Ph))3]-  ligand like ly  produces the highest 
activities upon M AO activation due to the large steric bulk associated w ith this ligand,
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rather than by enhanced electron donating properties. As was discussed previously, 
[NP(N(Et)(Ph))3]~ is like ly the least electron-donating phosphinimide ligand based upon 
the Cp proton resonances in  the NM R spectra. It is like ly that the enhanced steric bulk 
o f the [NP(N(Et)(Ph))3]“  ligand may have a positive effect on catalyst activity by slowing 
















Figure 6.11. Comparison o f the polymerization activities o f the precursors 
CpTiCl2[NP(R)3] (R = NMe2 (6.21), NEt2 (6.22), N(/-Pr)(Me) (6.23) and N(Et)(Ph) 
(6.24)) and C p*TiC l2[NP(R)3] (R = NMe2 (6.27), NEt2 (6.28), N(/-Pr)(M e) (6.29) and 
N(Et)(Ph) (6.30)) using M AO as a co-catalyst.
6.3.9 Syntheses of CpTiMe2[NP(NR1R2)3] and Cp*TiMe2[NP(NR1R2)3] 
Complexes
The dimethyl complexes CpTiMe2[NP(NR1R2)3] ([NP(NR1R2)3] =
[NP(CH3NCH2)3CCH3] (6.33), [NP(CH3NCH2CH2)3N ] (6.34), [NP(NMe2)3] (6.35), 
[NP(NEt2)3] (6.36), [NP(N(/-Pr)(Me))3] (6.37), [NP(N(Et)(Ph))3] (6.38), [NP(N(n-Pr)2)3] 
(6.39), [NP(N(«-Bu)2)3] (6.40)) and Cp*TiM e2[NP(NR1R2)3] ([NP(NR1R2)3] -
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[NP(NMe2)3] (6.41), [NP(NEt2)3] (6.42), [NP(N(/-Pr)(Me))3] (6.43), [NP(N(Et)(Ph))3] 
(6.44), [NP(N(«-Pr)2)3] (6.45), [NP(N(«-Bu)2)3] (6.46)) were synthesized as shown in 
Figure 6.12.
General Reaction
Cp'TiCl2[NPR3] + 2 Me[M] -----—► Cp’TiMe2[NPR3] + 2 [M]C1






CpTiC 12[NP(N((Et)(Ph))3] (6.24) 
CpTiCl2[NP(N(n-Pr)2)3] (6.25) 
CpTiCl2[NP(N(n-Bu)2)3] (6.26)
Cp*TiC l2[NP(NMe2)3] (6.27) 
Cp*TiC l2[NP(NEt2)3] (6.28) 
Cp*TiCl2[NP(N((/-Pr)(Me))3] (6.29) 

























Figure 6.12. Syntheses o f CpTiMe2[NP(NR1R2)3] and Cp*TiM e2[NP(NR1R2)3] 
complexes.
The dimethyl complexes CpTiMe2[NP(NR1R2)3] and Cp*TiM e2[NP(NR1R2)3] 
were characterized by elemental analysis, multinuclear NM R spectroscopy, and in some 
cases X-ray crystallography. Selected NM R spectroscopic data are presented in Table
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6.12 for the CpTiMe2 [NP(NRIR2)3] complexes, and in Table 6.13 for the 
CpTiMe2 [NP(NR1R2)3 ] complexes.
Table 6.12. Selected NM R  spectroscopic data (8 (ppm)) fo r the dimethyl complexes, 
CpTiMe2[NP(NRIR2)3].
[NP(NRXR2)3] 31p{lH } XH XH l3C {'H } X3C{XH}
Cp Ti(CH3)2 Cp Ti(CH3)2
[NP(CH3NCH2)3CCH3] (6.33) -9.6 6.22 0.90 111.5 44.5
[NP(CH3NCH2CH2)3N] (6.34) -5.1 6.29 0.80 111.0 40.1
[NP(NMe2)3] (6.35) 1.5 6.22 0.77 111.2 41.2
[NP(NEt2)3] (6.36) -1.0 6.22 0.65 111.1 40.9
[NP(N((i-Pr)(Me))3] (6.37) -1.0 6.21 0.64 111.1 40.8
[NP(N((Et)(Ph))3] (6.38) -16.1 5.85 0.66 111.7 43.7
[NP(N(«-Pr)2)3] (6.39) -0.6 6.27 0.71 111.2 41.1
[NP(N(«-Bu)2)3] (6.40) 0.0 6.30 0.72 111.2 41.2
Table 6.13. Selected NM R spectroscopic data (8 (ppm)) for the
1 2pentamethylcyclopentadienyl dimethyl complexes, Cp*TiM e2 [NP(NR R )3].
[NP(NR‘R2)3] 31P{‘H} XH XH X3C{XH} 13C{xH}
CsMe5 Ti(CH3)2 C5Me5 Ti(CH3)2
[NP(NMe2)3] (6.41) 0.4 2.08 0.49 119.0 43.1
[NP(NEt2)3] (6.42) -0.9 2.08 0.43 118.7 43.2
[NP(N((i-Pr)(Me))3] (6.43) -1.7 2.07 0.41 118.8 43.0
[NP(N((Et)(Ph))3] (6.44) -13.4 1.97 0.55 119.6 45.9
[NP(N(n-Pr)2)3] (6.45) -1.0 2.10 0.45 118.4 42.9
[NP(N(«-Bu)2)3] (6.46) -0.7 2.12 0.45 118.4 43.0
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6.3.10 X-Ray Analysis of the CpTiMe2[NP(NR1R2)3] Complexes
CpTiMe2[NP(CH3NCH 2)3CCH3] (6.33) and CpTiMe2[NP(CH3NCH2CH2)3N]
(6.34) were analyzed by X-ray crystallography (Figure 6.13).
Figure 6.13. ORTEP diagrams for CpTiMe2 [NP(CH3NCH 2)3CCH3] (6.33) (50% 
probability thermal ellipsoids) and CpTiMe2 [NP(CH3NCH2CH2)3N ] (6.34) (30% 
probability thermal ellipsoids). Hydrogen atoms have been omitted for clarity.
The phosphinimide bond angles (T il-N l-P I)  for CpTiMe2[NP(CH3NCH2)3CCH3]
(6.33) and CpTiMe2[NP(CH3NCH2CH2)3N] (6.34) are 169.1(1)° and 176.1(5)°, 
respectively, which are nearly linear. The P l-N l bond distances for 6.33 and 6.34 are 
essentially the same at 1.594(3) and 1.591(2) A , respectively, as are the T il-N l bond 
distances at 1.797(3) and 1.785(6) A , respectively (Table 6.14). These P l-N l and T il-N l 
bond lengths are typical fo r CpTiMe2[NPR3] complexes.13,97’194
(6.33) (6.34)
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Table 6.14. Phosphinimide bond geometry for CpTiMe2[NP(CH3N C H2CH2)3N] (6.33) 
and CpTiMe2[NP(CH3N C H2)3CCH3] (6.34).
Complex Til-Nl Pl-Nl Til-Nl-Pl
CpTiMe2[NP(CH3NCH2)3CCH3] (6.33) 1.797(3) 1.594(3) 169.1(1)
CpTiMe2[NP(CH3NCH2CH2)3N] (6.34) 1.785(6) 1.591(2) 176.1(5)
6.3.11 Polymerization testing of the Cp,TiMe2[NP(NR1R2)3]
Complexes
Initially the pre-catalysts CpTiMe2[NP(NR1R2)3] ([NP(NR'R2)3] = [NP(NMe2)3]
(6.35), [NP(NEt2)3] (6.36), [NP(N(z-Pr)(Me))3] (6.37), [NP(N(Et)(Ph))3] (6.38)) and 
Cp*TiMe2[NP(NR1R2)3] ([NPtNR'R2̂ ] = [NP(NMe2)3] (6.41), [NP(NEt2)3] (6.42), 
[NP(N(/-Pr)(Me))3] (6.43), [NP(N(Et)(Ph))3] (6.44)) were tested for ethylene
polymerization activity using 2 equivalents of B(C6F5)3 as a co-catalyst, 20 equivalents of 
Tz'BAl as a scrubber, and a pre-catalyst concentration of 10 pmol/L. These experiments 
were conducted for 10 minutes, under an ethylene pressure o f 2 atm, using 600 mL of 
toluene as the solvent, and with a stir rate of 1000 RPM. The results of these experiments 
are presented in Table 6.15.
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Table 6.15. Polymerization testing o f CpTiMe2 [NP(NR1R2)3] and 
Cp*TiMe2 [NP(NR1R2)3] complexes using B(C6Fs) 3  as a co-catalyst.a,b
Pre-Catalyst Polymer 
Yieldc (g)
M„ Mw PDI Average 
Activity11 
(g mmol-1 hr-1 
atm-1)
CpTiMe^NPtNR1!*2̂ ]
[NP(NMe2)3] (6.35) 0.70 315,000 646,200 2.05 350
[NP(NEt2)3] (6.36) 3.53 394,000 752,900 1.91 1800
[NP(N(/-Pr)(Me))3] (6.37) 3.79 388,600 717,800 1.85 1900
[NP(N(Et)(Ph))3] (6.38) 5.30 432,500 829,100 1.92 2600
Cp*TiMe2[NP(NR1R2)3]
[NP(NMe2)3] (6.41) 2.44 140,800 692,200 4.92 1200
[NP(NEt2)3] (6.42) 4.06 Insoluble 2000
[NP(N(/-Pr)(Me))3] (6.43) 4.25 288,100 617,900 2.14 2100
[NP(N(Et)(Ph))3] (6.44) 4.54 324,600 660,100 2.03 2300
Standards
Cp*TiMe2[NP(/-Pr)3] (3.5) 3.24 493,400 1,012,000 2.05 1600
CpTiMe2[NP(t-Bu)3] (3.7) 5.80 437,800 786,300 1.80 2900
Cp2ZrMe2 (3.6) 6.93 175,000 331,100 1.89 3500
a Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, [catalyst] = 10 pmol/L, 2 equivalents of B(C6F5)3; 20 equivalents TiBAL, Reaction 
Time =10 min.
b A ll polymerizations were conducted before the ethylene column was regenerated. 
c Average of two trials.
d Activities are reported to 2 significant figures.
A ll o f the pre-catalysts o f the general formula CpTiMe2 [NP(NR'R2)3] and 
Cp*TiM e2 [NP(NR1R2)3] demonstrated very high ethylene polymerization activity under 
the polymerization conditions employed, w ith the exception CpTiMe2[NP(NMe2)3]
(6.35), which demonstrated high polymerization activity.
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As can be seen in F igure 6.14, fo r a ll o f the ligands except [NP(N(Et)(Ph))3]~, the 
Cp*T iM e2 [NP(NR1 R2)3  ] complexes demonstrated higher activities than the 
corresponding CpTiMe2 [NP(NR1R2)3] complexes. This may be due to increased steric 
bulk o f the Cp* ligand relative to the Cp ligand, which could provide protection o f the 
phosphinimide ligand from T/BA1 and assist in  ion-pair separation. A lternatively, the 
increases in  activity observed fo r the Cp* ligand may be due to increased electron 
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Figure 6.14. Comparison o f the polymerization activities o f the CpTiMe2 [NP(NRIR2)3] 
and Cp*TiM e2 [NP(NR1R2)3] complexes using B(C6F5)3 as a co-catalyst.
To determine the relationship between the steric bulk o f the phosphinimide ligand 
and polymerization activity, the cone angles o f the phosphinimide ligand were calculated 
using the X-ray crystal structures o f the C p*TiC l2 [NP(NR1R2)3] complexes. In addition, 
the cone angles were measured using molecular mechanics calculated structures (MM3 in 
CAChe) o f the C p*TiC l2 [NP(NR1R2)3] complexes fo r comparative purposes.195 Sim ilar 
to the method employed to calculate cone angles for phosphines, the cone angle o f 
phosphinimide ligands can be calculated by measuring the h a lf angles for the three 
phosphorus substituents and by using the fo llow ing formula:179
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Cone Angle 0 = 2/3 £ (h a lf angles)
The ha lf angles were defined as the angles P-Ti-X, where X  is the non-hydrogen 
atom on each phosphorus substituent which provided the largest half-angle. In  order to 
get a reasonable estimate for the T i-N  and P-N phosphinimide bond distances, both were 
locked as double bonds. A  comparison o f the crystallographic and MM3 cone angles is 
provided in  Table 6.16.
F igure 6.15. Cone angle calculation o f the phosphinimide ligand from  the MM3 
calculated structure o f C p*TiC l2 [NP(NMe2)3] (C = grey, N  = blue, P = pink, C l = green, 
T i = white). Hydrogens have been omitted for clarity.
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Table 6.16. Crystallographic and MM3 calculated cone angles o f the 
Cp*TiC l2[NP(NR1R2)3] complexes.
R M M 3 Cone Angle X-Ray Cone Angle
o Q
Cp*TiC l2[NP(NMe2)3] (6.27) 77.5 77.2
Cp*TiC l2[NP(NEt2)3] (6.28) 94.7 100.9
Cp*TiC l2[NP(N(/-Pr)(Me))3] (6.29) 93.5 101.3
Cp*TiC l2[NP(N(Et)(Ph))3] (6.30) 112.5” Not available
Cp*TiC l2[NP(N(«-Pr)2)3] (6.31) 115.3 129.81’
Cp*TiC l2[NP(N(«-Bu)2)3] (6.32) 117.5 146.3
Cp*T iC l2[NP(f-Bu)3] (3.8) ...............87.2 84.2°
Cp*TiC l2[NP(/-Pr)3] (3.5) 81.3
a Average value calculated from two structures a and b where a = calculated with all of the ethyl groups 
toward the Ti and b = calculated with all of the phenyl groups toward the Ti.
b Estimated from the X-ray structure of Cp*TiCl2[NP(N(«-Bu)2)3 ] by taking cone angle from the propyl 
position rather than the butyl position. 
c Calculated from the structure of (t-BuCp)TiCl2[NP(r-Bu)3].
d This was calculated from the average cone angle of two structures a and b, where a = the structure in 
which both methyl groups point away from Ti, and b = structure in which one methyl group points toward 
the Ti. Due to the relatively flat potential energy surfaces of these molecules, the final MM3 geometries are 
higher dependent on the starting geometries.
Figure 6.16 demonstrates that sim ilar general trends are revealed by the cone 
angles calculated using the X-ray structures and the MM3 structures. For example, o f the 
phosphinimide ligands o f the general formula, [TXEXNR'R2̂ ] - , the [NP(NMe2)3]“ ligand 
displays the smallest cone angle using both the X-ray and MM3 structures (77.2° and 
11.5°, respectively), while the [NP(N(«-Bu)2)3]_ ligand displays the largest cone angle 
using the X-ray and MM3 structures (146.3° and 117.5°, respectively). However, for the 
larger ligands, there can be large differences in the calculated cone angles. For example, 
for the [NP(N(h-Bu)2)3]~ ligand, the MM3 and X-ray cone angles d iffer by more than 28°.
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This large difference is like ly due to the fle x ib ility  o f the long butyl chains and indicates 




Figure 6.16. Comparison o f phosphinimide cone angles in  C p*TiC l2 [NPR3] complexes 
calculated from X-ray crystallographic structures and MM3 calculated structures.
In  F igure 6.17, the polymerization activities for the CpTiMe2 [NP(NR1R2)3] and 
Cp*TiM e2 pSTP(NR1R2)3] dimethyl complexes have been plotted against the 
phosphinimide cone angles calculated from the MM3 structures. There is an increase in 
polymerization activity observed upon increasing the cone angle. This may be due to the 
steric bulk prolonging catalyst lifetim e, or facilitating the ion-pair separation process.
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Figure 6.17. Polymerization activity vs. MM3 calculated cone angle for 
CpTiMe2 [NP(NR1R2)3] and Cp*TiM e2 [NP(NR1R2)3] dimethyl complexes using a pre­
catalyst concentration o f 10 pm ol/L and B(CeF5 )3  as a co-catalyst.
In ligh t o f the polymerization studies conducted in Chapter 3 demonstrating that 
Cp*TiM e2 [NP(N(Et)(Ph))3] (6.44) was diffusion lim ited at a pre-catalyst concentration o f 
10 pm ol/L, but less so at 4 pm ol/L, a new series o f polymerization experiments were 
conducted. In these experiments, the conditions consisted o f a pre-catalyst concentration 
o f 4 pm ol/L, 1 equivalent o f B(CsF5 )3  was used as a co-catalyst, and 20 equivalents o f 
T/BA1 were used as a scrubber. The polymerization experiments were conducted for 10 
minutes, under an ethylene pressure o f 2 atm, using 600 mL toluene as solvent, and a stir 
rate o f 1000 RPM. The results o f these experiments are presented in Table 6.17.
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Table 6.17. Polymerization testing o f CpTiMe2[NP(NR1R2)3] and 
Cp*TiM e2 [NP(NR1R2)3] dimethyl complexes using a pre-catalyst concentration o f 4 
pmol/L and as a co-catalyst.a,b,e
Pre-Catalyst Average 
Polymer Y ie ldd (g)
A c tiv ity6 
(g mmol-1 h r-1 atm-1)
C pT iM e2 [NP(NR1R2>3 ]
[NP(NMe2)3] (6.35) 1.73 2200
[NP(NEt2)3] (6.36) 2.81 3500
[NP(N(i-Pr)(Me))3] (6.37) 2.85 3600
[NP(N(Et)(Ph))3] (6.38) 3.37 4200
[NP(N(«-Pr)2)3] (6.39) 4.37 5500
[NP(N(«-Bu)2)3] (6.40) 2.88 3600
C p*T iM e2[NP(NR,R 2)3]
[NP(NMe2)3] (6.41) .. 4200
[NP(NEt2)3] (6.42) 3.79 4700
[NP(N(/-Pr)(Me))3] (6.43) 3.94 4900
[NP(N(Et)(Ph))3] (6.44) 3.39 4200
[NP(N(«-Pr)2)3] (6.45) 8.33 10000





“ Polymerization conditions: Ethylene Pressure = 2 atm, Temperature = 30 °C, Solvent = 600 mL toluene, 
Stir rate = 1000 RPM, [pre-catalyst] = 4 pmol/L, 1 equivalents of B(C6 F5)3; 20 equivalents T/BAL, 
Reaction Time =10 min.
b A ll polymerizations were conducted after the ethylene column was regenerated.
0 1 would like to thank Dr. E. Hollink for conducting all of the polymerization experiments reported in this 
table.
d Average of two trials.
“Activities are reported to 2 significant figures.
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In  general, as is shown in F igure 6.18, there is an increase in polymerization 
activity o f the CpTiMe2 [NP(NR1R2)3] and Cp*TiM e2 [NP(NR1R2)3] complexes as the 
cone angles o f the phosphinimide ligands increase. Cp*TiM e2 [NP(N(Et)(Ph))] appears to 
have a lower polymerization activity than the cone angle would predict based on the trend 
observed. Thus, it  is possible that the electronic properties o f the ligand are influencing 
the polymerization activity. For example, i f  the [NP(N(Et)(Ph))]~ ligand is less electron 
donating than the other ligands, it  could slow the polymerization rate by increasing the 
attraction between the cation and anion. The pre-catalyst Cp*TiM e2 [NP(N(w-Pr)2)3] 
(6.45) achieved a polymerization activity o f over 10000 g mmol-1 hr-1 atm-1 which is 
almost tw ice as high as was achieved for the highly active pre-catalysts CpTiMe2 [NP(t- 
Bu)3] and Cp*TiM e2 [NP(/-Bu)3],5’13 and therefore represents a significant breakthrough 
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Figure 6,18. Polymerization activity vs. MM3 calculated cone angle for 
CpTiMe2[NP(NR1R2)3] and Cp*TiM e2 [NP(NR1R2)3] dimethyl complexes using a pre­
catalyst concentration o f 4 pm ol/L and B(CeF5)3  as a co-catalyst.
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6.4 Summary and Conclusions
A  series o f cyclopentadienyl titanium phosphinimide dichloride and dimethyl 
complexes o f the general formula Cp'TiX 2 [NP(NR1R2)3] were synthesized.
Polymerization testing o f the pre-catalysts using MAO as a co-catalyst resulted in 
low  to high polymerization activities. In  all cases, the Cp* dichlorides displayed higher 
polymerization activities than the corresponding Cp dichloride complexes. The highest 
activities using M AO activation were achieved for CpTiCl2 [NP(N(Et)(Ph))3] (6.24) and
Cp*TiC l2[NP(N(Et)(Ph))3] (6.30), which possess the bulky [NP(N(Et)(Ph))3]“  ligand.
» 1 0 •
Polymerization testing o f the dimethyl complexes Cp'TiMe2 [NP(NR R )3] w ith
B(C6F5 )3  as the co-catalyst demonstrated very high polymerization activities. In addition, 
the general trend o f increasing polymerization activity w ith increasing steric bulk o f the 
phosphinimide ligand was demonstrated. The correlation between steric bulk and 
polymerization activity may be due to enhanced ion-pair separation, or prolonged catalyst 
lifetim e, or a combination thereof. Under the appropriate testing conditions, 
polymerization activities ranging from 2000 to 10000 g mmol-1 hr-1 atnT1 were achieved. 
For example, Cp*TiM e2 [NP(N(«-Pr)2)3] demonstrated a polymerization activity o f 10000 
g mmol-1 hr-1 atm-1 under the polymerization conditions employed herein, nearly twice 
as high as the very successful pre-catalysts CpTiMe2 [NP(t-Bu)3] and Cp*TiM e2 [NP(t- 
Bu)3]. Thus, employing the Cp'TiMe2 [NP(NR1R2)3 ] structural framework has resulted in 
a new fam ily o f very high activity catalysts.
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Chapter 7 Summary and Conclusions
New, highly active ethylene polymerization catalysts based on the titanium Cp- 
phosphinimide framework have been developed through a combination o f computational, 
synthetic and polymerization testing investigations. The steric and electronic properties 
o f the phosphinimide ligand have been investigated, and it was determined that bulky, 
highly electron donating phosphinimide ligands serve as excellent ancillary groups in 
cyclopentadienyl titanium  phosphinimide ethylene polymerization catalysts.
A  reliable ethylene polymerization testing method employing the Buchi reactor 
has been developed. Reproducible polymerization testing results have been achieved for a 
range o f pre-catalysts upon activation by MAO, B(C 6Fs) 3  and [Ph3 C]+[B(C 6F5)4 ]“ . 
Polymerization variables that affect catalyst activity such as temperature, ethylene 
pressure, stir rate, solvent volume, reaction time, and concentration o f pre-catalyst, co­
catalyst and scavenger are readily controlled, and provide an avenue to optimize 
polymerization conditions. For example, the Cp*TiM e2 [NP(N(Et)(Ph))3] (6.44)/B(C6F5)3 
catalyst system provided activities ranging from 0 to 5500 g mmol-1 hr-1 atm-1, 
depending on the polymerization conditions. The ab ility to readily adapt polymerization 
conditions is crucial in  the search for new catalysts, as highly active catalyst systems may 
be overlooked i f  the polymerization conditions are not suited to the pre-catalysts. In 
addition, the activation strategy or catalyst concentration can be critical in  assessing 
structure-activity relationships, which are instrumental for the design o f new catalyst 
systems. Thus, the polymerization testing methods demonstrated in this thesis can be 
used to reliably evaluate potential ethylene polymerization catalysts and to provide 
insight into new catalyst design.
DFT-based methods were used to investigate the effects o f the electronic 
properties o f the phosphinimide ligand on the firs t two insertions o f ethylene w ith the 
model catalyst system CpTiMe2 [NPR3]/B C l3 (R = Me, NH 2 , H, Cl, F). This study 
illustrated that electron donating substituents should be beneficial to the polymerization 
activity o f CpTiMe2 [NPR3] catalysts, prim arily by assisting the displacement o f the
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counterion prior to coordination o f ethylene. In addition, formation o f the ion-pairs 
CpTiMe[NPR3]-p-M eBC l3 (R = Me, NH 2 , H, Cl, F) is more exothermic for the 
complexes w ith  electron donating phosphinimide ligands. In both the firs t and second 
insertions, the electron donating substituents do not reduce the energy difference between 
the bound ethylene 7t-complexes and the transition state for the insertion, i.e., the reaction 
barrier. This suggests that displacement o f the counterion represents the largest 
contribution to the overall barrier to ethylene insertion in  Group 4 cyclopentadienyl 
titanium phosphinimide catalysts in  which electron donating substituents enhance 
polymerization activity. These predictions are in general agreement w ith  other theoretical
n 'y  o f  q*7
studies performed on a variety o f Group 4 catalysts. ’ ’
The im plication for catalyst design o f active titanium  phosphinimide catalysts is 
that displacing the counterion to form an olefin complex is a key consideration for 
increasing polymerization activity. Once the ethylene complex has formed, the energy 
barrier relating to insertion into the T i-a lkyl bond should be very low  ( < 0 - 4  kcal mol-1), 
regardless o f the electronic properties o f the phosphinimide. For this reason, bulky, 
electron donating substituents on phosphinimide ligands were expected to produce new, 
highly active ethylene polymerization catalysts.
Cyclopentadienyl titanium  dichloride complexes w ith phosphinimide ligands that 
contain a pendant pyridine ring o f the general formula Cp'TiCl2[NP(R)2(2-CH2Py)] (Cp' 
= Cp, R = z'-Pr (5.5), t-Bu (5.6); Cp' = Cp*, R = z'-Pr (5.7), t-Bu (5.8)), and the donor- 
acceptor complexes CpTiCl2[NP(R)2(2-CH2Py)]-B(C6Fs)3 (R = z'-Pr (5.9), /-Bu (5.10)) 
exhibited moderate (5.5, 18 g mmol-1 hr-1 atm-1) to very low  (5.8, 0.9 g m m o f1 hr-1 
atm’1) polymerization activities upon activation by MAO. These complexes demonstrated 
much lower activities than the analogous complex C p*TiC l2 [NP(/-Bu)2 (CFl2Ph)] upon 
activation by M AO (142 g mmoF1 hr-1 atm-1).97 This indicates that the presence o f a 
donor group w ith  the potential to coordinate to the cationic metal center is detrimental to 
polymerization activity upon activation by MAO.
Polymerization testing o f the cyclopentadienyl titanium  dimethyl complex 
Cp*TiM e2[NP(/-Bu)2(2-CH2Py)] (5.14) w ith 2 equivalents o f B(C 6F5)3  as the co-catalyst 
resulted in a high activity catalyst system (120 g mmol-1 hr-1 atm-1). However, this 
activity is much lower than that observed for sim ilar catalyst systems derived from
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Cp*TiM e2[NP(/-Pr)3 ] or CpTiMe2[NP(/-Bu)3] (1600 and 2900 g mmol"1 hr-1 atm-1, 
respectively when activated by two equivalents o f B ^ F s ^ ) , suggesting that the presence 
o f the pyridyl group in the ligands [NP(R)2(2-CH2Py)]- (R = i-Pr, and /-Bu) significantly 
reduces the polymerization activity. Thus, it can be concluded that the presence o f a 
donor group w ith  the potential to bind to the cationic T i center is detrimental to the 
polymerization activity o f CpTiX2[NPR3] catalysts, regardless o f the activation strategy.
A  new fam ily o f very active ethylene polymerization catalysts was developed 
utilizing electron donating amino (NR 'R2) substituents as part o f the 
CpTiX2[NP(NR1R2)3] framework. Polymerization testing o f the Cp'TiX2[NP(NR1R2)3] 
complexes employing B(C 6F5)3 as a co-catalyst revealed a qualitative correlation between 
the steric bulk o f the phosphinimide ligand and the polymerization activity. For example, 
under the appropriate testing conditions, polymerization activities ranging from 2000 to 
over 10000 g mmol-1 hr-1 atm-1 were achieved. In particular, Cp*TiM e2[NP(N(n-Pr)2)3] 
demonstrated a polymerization activity o f 10000 g mmol-1 hr-1 atm-1 under the 
polymerization conditions employed herein, nearly twice as high as the very successful 
pre-catalysts CpTiMe2[NP(/-Bu)3] and Cp*TiM e2[NP(/-Bu)3] . Thus, employing the 
Cp'TiMe2[NP(NR1R2)3 ] structural framework has resulted in  a new fam ily o f very high 
activity catalysts.
Overall, employing electron-donating substituents on the phosphinimide ligand is 
beneficial to polymerization activity, prim arily through decreasing the energy required to 
displace the counter-ion. However, in  the absence o f sufficient steric bulk, the catalysts 
based on small phosphinimide ligands demonstrate low  polymerization activities upon 
activation by M AO, like ly  because o f short catalyst lifetimes due to deactivation 
pathways associated w ith  Al-based Lewis acids.96,98,99 Sim ilarly, employing large 
excesses o f Al-based Lewis acid solvent scrubbers such as T/BA1 can be detrimental to 
polymerization activity o f CpTiMe2[NPR3]/B (C 6F5)3 catalyst systems i f  the steric bulk o f 
the phosphinimide ligand is insufficient to preclude catalyst deactivation. However, by 
utilizing a small excess o f T/'BAl w ith the CpTiMe2[NPR3]/B (C 6F5)3 catalyst systems, 
trends between the catalyst activity and the steric bulk o f the phosphinimide ligand 
emerge. In particular, increasing the steric bulk o f the phosphinimide ligand, up to a 
certain point, increased polymerization activity. Despite the amount o f T/BA1 employed,
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the possibility that the increase in  polymerization activity is due to a prolonged catalyst 
lifetim e cannot be ruled out. It is also expected that the increased steric bulk o f the ligand 
should lower the energy required for the ion-pair to separate via a steric repulsion. Thus, 
the increase in activity w ith increased steric bulk is like ly due to an increased insertion 
rate due to improved ion-pair separation, in  addition to an increased catalyst lifetime.
U tiliz ing  bulky electron donating substituents on the phosphinimide ligand should
provide future improvements in catalyst activity for the Group 4 complexes based on the
phosphinimide ligand. For example, mixed alkyl-amino phosphines such as PR(NR1R2)2  
1 0or PR2CNR R ) (R = alkyl) should provide favourable electronic properties o f the 
phosphinimide ligand while allowing the steric profile o f the ligand to be modified. In 
addition, the results o f this research can be applied to other ligand systems; thus, bulky 
electron donating ligands that promote ion-pair separation while providing long catalyst 
lifetimes should be a general goal o f chemists looking to develop new Group 4 ethylene 
polymerization catalysts.
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Appendix A The Buchi Polymerization Reactor: A Brief 
Description
The Buchi polymerization reactor (hereafter referred to as the reactor) is a batch 
unit designed to test catalysts for ethylene polymerization activity (Figure A.l). 
Specifically, it  is designed to minimize the influences o f water, oxygen and other 
contaminants on catalyst performance, while allowing control o f variables such as 
temperature, ethylene pressure and stir rate. This accomplishes the ultimate goal o f 
measuring the activity o f pre-catalysts under controlled conditions in  a manner which 
permits meaningful comparisons between experiments. The components o f the reactor 
w ill be described in the follow ing sections to illustrate how the polymerization variables 
are controlled, and the methods undertaken to ensure an anhydrous, oxygen free 
atmosphere w ill be described.
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Figure A.I. Schematic illustration o f the B iichi polymerization reactor apparatus.
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Figure A.2. Schematic diagram o f the reaction vessel.
The reaction vessel serves as a controlled environment fo r the polymerization 
reaction. It is a jacketed, 1 L borosilicate glass cylinder, equipped w ith an inlet and an 
outlet for circulation o f heating and cooling flu id , sandwiched between top and bottom 
stainless steel plates (Figure A.2). The borosilicate glass cylinder is transparent and has 
volume graduations that allow the volume o f solvent to be measured. Teflon gaskets 
create a seal between the top and bottom plates and the glass cylinder which allows the 
reactor to hold vacuum or maintain pressure. The top plate is equipped w ith inlets for 
nitrogen and vacuum, solvent, pre-catalyst and co-catalyst, monomer, a stirring shaft, a 
rupture valve, a vent valve and a thermocouple well, while the bottom plate is equipped 
w ith a polymer drain (Figure A.2).
A.2 Stirring Control
The top stainless steel plate o f the reactor is equipped w ith  an externally driven 
mechanical im pellor (Figure A.2), powered by a 220 vo lt motor. The rate o f the impellor
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is measured in  revolutions per minute (RPM) and the stir rate can be adjusted from 0 to 
2400 RPM using the control unit.
A.3 Temperature Control
The temperature o f the reaction vessel is monitored and maintained via a VW R 
brand Heated/Refrigerated Circulator, Model 1167. The temperature is measured via a 
thermocouple which sits in  the thermocouple w ell on the top plate o f the reactor (Figure 
A.2). The temperature o f the circulating water is regulated in  response to the reactor 
temperature. As the water bath is now programmed, under normal operation,xni the water 
bath maintains the temperature o f the reaction vessel to w ith in ± 2 °C.
A.4 Ethylene Purification
The ethylene monomer must be free o f oxygen, water or other impurities since 
heteroatoms such as O, N and S can poison polymerization catalysts.XIV Ethylene is 
passed through a column containing Q5 copper deoxygenation material and 3 A  molecular 
sieves to remove trace oxygen or water. In addition, there is a 2-way valve located just 
before the reaction vessel to allow purging o f any residual oxygen which may have 
entered the tubing between polymerization runs (Figure A.3).
xmI f  a catalyst is h igh ly  active, or i f  the catalyst concentration is too high, the exotherm from  the 
polym erization can cause a temperature increase beyond 2 °C. In  these cases, the temperature is not 
controlled to w ith in  + /- 2 °C, since the response tim e is often longer than the polym erization experiment.
XIV Younkin, T. R.; Connor, E. F.; Henderson, J. I.; Friedrich, S. K .; Grubbs, R. H .; Bansleben, D. A. 
Science 2000, 287, 460-462.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


















2-w ay va lve
3-w ay va lve  
N eedle Valve 
R egu la to r
Figure A.3. Schematic diagram o f ethylene delivery to the reactor vessel.
A.5 Ethylene Pressure Control and Flow Measurements
The pressure o f ethylene can influence polymerization activity because the 
pressure is related to the concentration o f ethylene in solution. The ethylene pressure in 
the reactor is controlled by 2 regulators (Figure A.3); however, the pressure o f ethylene 
should not be set above the maximum operating lim it o f 87 psig. Ethylene flow  is 












Figure A.4. Schematic diagram o f the solvent purification columns
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The solvent system o f the reactor is designed to provide anhydrous, oxygen free 
toluene and hexanes to the reaction vessel. Anhydrous solvent is passed through Grubbs’- 
type solvent purification columnsxv (Figure A.4) before transfer to the solvent storage 
unit (Figure A.5). The solvent storage vessel is used to pre-measure the volume o f 
solvent and to purge the solvent w ith nitrogen prior to transfer into the reactor body. The 
top o f the solvent storage vessel is equipped w ith  an inlet fo r nitrogen or vacuum, a 
pressure gauge and a vent, while the bottom o f the solvent storage has an inlet for toluene 
or hexanes from the purification columns, a nitrogen inlet for purging the solvents, and a 
valve for transferring solvent to the reactor body (Figure A.5). Solvents are transferred 
directly, by a pressure differential, to the solvent storage vessel and the reaction vessel 
through stainless steel tubing.
Vent






















Figure A.5. Schematic diagram o f the solvent storage vessel.
xv Pangbom, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Organometallics 1996, 
15, 1518-1520.
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A. 7 Vacuum and Nitrogen Supply
The vacuum system is used to remove solvent, oxygen, water and other volatile 
materials from the reactor components. It is comprised o f a Welch Duo-Seal® Model # 
1402 vacuum pump, a solvent trap and a series o f stainless steel pipes and valves (Figure 
A.6). Vacuum can be applied to the reactor body, the solvent storage vessel and tubing 
connecting these components to remove solvent, air and other volatiles, providing an 


















to Reactor Body Pressure Gauge
2-way valve
3-way valve
Quick Connect Valve 
Regulator
Figure A.6. Schematic diagram o f the vacuum and nitrogen supply.
A.8 Operating Thresholds and Safety Concerns
Operating the reactor presents several potential hazards; therefore, knowledge o f 
the operating capacity o f the system components is required prior to conducting a 
polymerization experiment. The most important potential hazards that are encountered 
during the operation o f the reactor involve the use o f pressurized vessels and pyrophoric 
materials.
A ll closed vessels that are subjected to heat and pressure have maximum 
operating thresholds. The reactor is a glass vessel that is pressurized and heated during a
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polymerization, therefore standard precautions should be observed. The polycarbonate 
shield must be installed while the reactor is under pressure or vacuum. R elief valves w ill 
release excess pressure i f  maximum lim its are exceeded in the solvent storage vessel and 
reactor; however, these are only backup safety devices, and the operating lim its w ith 
respect to temperature and pressure must not be exceeded. I f  pressure and temperature 
thresholds are exceeded, the operation o f the unit is extremely hazardous. In an autoclave 
room specifically designed to withstand explosions, the maximum operating conditions 
are 12 bar (175 psi) and 200°C. In a fumehood, the maximum operating lim its decrease, 
and are listed below:
Maximum permissible operating pressure: 6  bar (87 psi)
Rupture element pressure rating: 6  bar (87 psi)
Maximum temperature above solvent boiling point: 20°C
Maximum permissible temperature: 200°C
Although the reactor is rated to 200°C, the tubing that carries distilled water to the reactor 
is only rated to 75°C, thus, 75°C is the maximum temperature set point as the unit is 
currently configured.
In addition, pyrophoric materials, such as methylaluminoxane (M AO) and T/BA1 
that are commonly used during the polymerization procedure, should be handled using 
standard inert atmosphere techniques.
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Appendix B Buchi Polymerization Reactor: Standard 
Operating Procedure
Please refer to the CD attached on back cover o f thesis.
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Appendix C Estimating the Uncertainty of the 
Polymerization Activity
Polymerization activity is calculated using Equation C.l:
, . . polymer mass (g)
A c tiv ity - ---------------------------------------- r--—r----------------------------- = gm m ol hr atm
amount o f  p re -ca ta lys t [mmol) x time (hr)x pressure (atm)
(C.l)
Since the polymer mass (g), amount o f pre-catalyst (mmol), time (hr), and 
ethylene pressure (atm) are measured values, there are random errorsXVI associated in 
these measurements which lead to an uncertainty in  the reported activity. Therefore, 
individual activity measurements can be reported w ith an absolute uncertainty value or a 
percent relative uncertainty value:
Activity ± Eactivity (absolute uncertainty)
Activity ± % Eactivity (percent relative uncertainty)
Percent Relative Uncertainty (% EactMt ) =
Absolute Uncertainty (Eactlvity) 
;nitude o f Measurement
.X V I
actmty'  Mag it  f r t (Activity)
% Eactivity can be calculated w ith Equation C.2:}
% ErroractMty = ^/(%E^ mwma, , . ) 2 + ty°Eamountof pre_calalyst)2 + {%Elimef  + (°/oE presmre)2 (C.l)
XV! Harris, D. C. Quantitative Chemical Analysis; 4th Edition ed.; W. H. Freeman and Company: New 
York, 1995.
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where % E,activity  ’ polym er m ass ’  am ount o f  p re -ca ta lys t ? time ’  /o E ,e are the percentpressure
relative errors associated w ith activity, polymer mass, amount o f catalyst, polymerization 
time and ethylene pressure, respectively.
%Epolymermass: There are two factors that contribute to the error associated w ith the mass
o f the polymer: variab ility o f the scale, and the possibility that not a ll o f the polymer was 
transferred efficiently to the collection beaker due to polymer sticking to the sides o f the 
reaction vessel. The uncertainty associated w ith the scale was ± 0.01 g, while the 
uncertainty associated w ith  the polymer collection was estimated to be ± 0.04 g. This 
gives an overall uncertainty o f ± 0.05 g for the mass o f the polymer. For a polymer mass 
o f 4.00 g, the relative error is given by:
% £amoum of pre-cataiyst '■ The number o f moles o f catalyst that enter the reactor is determined 
by the concentration o f the stock solution and the volume o f the injection:
# o f moles = Concentration x Volume o f Injection 
The concentration o f the stock solution is given by:
%E'po lym er mass ^ ^ x l 0 0 %  = 1.25% 4.00g
Concentration =
Mass o f Cataly:
Volume o f Solvent
Therefore:
# o f moles
Mass o f Cataly:
x Volume o f Injection
Volume o f Solvent
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%Eamount o f  p re -ca ta ly s t can be calculated from:
% FAmount o f Catalyst 'mass o f  catalyst 'volume o f  solvent )"+(%£,'volume o f  injection
Thus, there are three factors that contribute to the relative error in  the amount o f catalyst: 
the weight o f catalyst, the mass o f toluene used to make the stock solution, and the 
volume o f stock solution injected into the reactor. The error associated w ith the weight o f 
catalyst was ± 0 . 0 0 1  g, while the error associated w ith the injection volume into the 
reactor was estimated to be ± 0.1 mL. The error associated w ith the weight o f toluene 
was estimated to ± 0.010 g, based on the mass o f a drop o f toluene. Since typically 8.000 
to 2 0 . 0 0 0  g o f toluene was used to prepare the stock solution, this would correspond to a 
percent error ranging from  0.05% to 0.125%. This is much smaller than the percent 
relative errors related to the mass o f the catalyst (typically 2.8% to 6.7%), or the injection 
volume (typically, 1.2% to 5.0%). Therefore, in  order to sim plify the equation, the 
percent error associated w ith the volume o f the stock solution was not included in the 
calculation o f the percent error in  the amount o f catalyst. I f  a stock solution was prepared 
by dissolving 0.015 g o f catalyst in  17.21 g o f toluene, and 2.0 mL o f this solution was 
added to the reactor vessel, the relative error is estimated by:
%Etime: The error associated w ith  the reaction time was estimated to be ± 10 seconds. 
For a 10 minute polymerization experiment, the relative error is given by:
%  F Am ount o f  Catalyst mass o f  catalyst }+ {%E,’ ‘volume o f  injection
%  FAm ount o f  Catalyst X100% = 8.3%
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(lOsec/ )rnin 
V /  60sec/i  /  C.C\ i i i i i i J .  —- h-Usec- x 100% = 1.6 6 % = 1.7%time lO.Omin
%Epressure: The error associated w ith the pressure was estimated to be ± 0.068 atm. A t a 
pressure o f 2 . 0  atm, the relative error would be:
= Z y j^ x l0 0 %  = 0.34%
Substituting the values for %Epolymermass, %Eamounto f  p re -ca ta ly s t  ? % E „me , and %Ep_  into
Equation C.2 gives the relative error for the polymerization activity:
% Erroractmty = <J(?/oEpofymermaa'f +(foEamomlofpre_catalysl}  + {%El:mJ  + ( % £ /;rt, , „ « , ) 2
% Error = V(1 -25%)2 + (8.3% ) 2 + (l ,7% ) 2 + (0.34% ) 2 = 8 .6 %
The calculations clearly illustrate that the largest source o f error in the 
polymerization activity is due to the delivery o f the catalyst into the reaction vessel. The 
relative error can be m inim ized by using a larger mass o f pre-catalyst to prepare the stock 
solution, in  addition to using a larger injection volume. In some cases, i f  the mass o f 
polymer is quite low, this w ill also have a large influence on the relative percent error o f 
the measured polymerization activity.
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Appendix D Estimating the Standard Deviation of 
Small Data Sets
The difference between the highest and lowest value in  a set o f data is called the
119
range (R). For small groups o f measurements, the range can be used to estimate the
119standard deviation (a). The standard deviation is related to the range by a Single 
Classification Factor (c i) (Table D .l) in  the follow ing formula:xvu
R
< 7  =  —
Ci
Table D .l. Single Classification Factor (c i)a for estimating the Standard Deviation from 
the range.










a A ll data from  A Statistical Manual for Chemists, Bauer, E.L., Academic Press, New 
York and London, 1960.
X V I1  Bauer, E. L. A Statistical Manual for Chemists', Academic Press: New York and London, 1960.
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Appendix E Gaussian Archives for Optimized 
Structures
Please refer to the CD attached on back cover o f thesis.
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Appendix F Choice of Phosphorus Substituents and 
Evaluation of the Electronic Properties of Phosphines
The electronic properties o f phosphines have been studied extensively, and the
YVTTT y t y  y y
Tolman and Lever electronic parameters, TEP and LEP, ’ respectively, have 
been designed so that the electronic influences o f the phosphines can be categorized. 
More recently, DFT has been used to define a computationally derived ligand electronic
YYT
parameter (CEP), while PM3(tm) quantum mechanics were used to evaluate 
semiempirical electronic parameters (SEM ) . XX11 A ll o f these schemes intend to define a 
numerical value to the electron donating ability o f various substituents in a tertiary 
phosphine.
One o f the phosphines that was used in  the DFT study, namely P(NEl2)3 , had not 
been previously evaluated using CEP or TEP. Since the electron donating ab ility o f the 
phosphine was a key component o f the investigation, the electronic properties o f all o f 
the phosphines used in  the polymerization study were evaluated using the CEP approach. 
In this method, the electron donating properties o f the phosphines or other ligands are 
estimated based on the carbonyl stretching frequencies o f RsPNi(CO ) 3  complexes in a 
sim ilar manner to the original method used by Tolman.xvm In this study, 
B3LYP/LANL2DZ was used to optimize the geometry and to perform a vibrational 
frequency analysis o f the (R.3P)Ni(CO ) 3  (R = CEL, NHL, H, Cl, F) complexes without 
symmetry constraints. The B3LYP method and LANL2DZ basis sets were chosen to 
maintain consistency since they were used in  the polymerization modeling study. The
xvm Tolman, C. A. Chem. Rev. 1977, 77, 313-348.
XIX Lever, A. B. P. Inorg. Chem. 1991, 30, 1980-1985.
305 Lever, A. B. P. Inorg. Chem. 1990, 29, 1271-1285.
XXI Perrin, L.; Clot, E.; Eisenstein, O.; Loch, J.; Crabtree, R. H. Inorg. Chem. 2001, 40, 5806-5811.
xxn Cooney, K. D.; Cundari, T. R.; Hoffman, N. W.; Pittard, K. A.; Temple, M. D.; Zhao, Y. J. Am. Chem. 
Soc. 2 0 0 3 ,125, 4318-4324.
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carbonyl stretching frequencies calculated in this work are compared to the XEPxxm and 
CEPXXIV in Table F.l.
Table F.l. CO stretching frequencies for R.3PNi(CO ) 3  complexes (R = CH3 , NH 2 , H, Cl,
F).











PMe3 2016.6 2064.1 2152.4
P(NH2)3 2024.6 n/a n/a
ph3 2031.5 2083.2 2170.8
PCI, 2060.3 2097.0 2197.0
p f3 2067.8 2110.8 2201.2
a calculated using B3LYP/LANL2DZ.
b experimental value.
c calculated using B3PW91/Basis Set FI. In basis set FI, the authors represented the Ni and P atoms with 
relativistic effective core potentials (RECP) from the Stuttgart group, and their associated basis sets. The P 
atom was augmented by a polarization d function, and all other atoms were represented using a 6-3 lG(d,p) 
basis set.XXIV
As shown in  Table F.l, the CO stretching frequencies calculated using the 
B3LYP/LANL2DZ method are lower than the experimental TEP frequencies and the 
calculated CEP frequencies. In general, relative to the experimental TEP, the CEP 
frequenciesXXIV overestimate the experimental CO stretching frequencies, i.e., 
overestimate the 7i-backbonding capability o f the phosphines. In contrast, the 
B3LYP/LANL2DZ method underestimates the experimental CO stretching frequencies, 
i.e., underestimates the 71-backbonding capability o f the phosphines.
The differences in  the CO stretching frequencies calculated in this work w ith DFT 
at the B3LYPYLANL2DZ level o f theory and in the original CEP reportXXIV are most 
like ly due to differences in the basis sets which were employed in the calculations. In the
xxm Tolman, C. A. Chem. Rev. 1977, 77, 313-348.
XXIV Perrin, L.; Clot, E.; Eisenstein, O.; Loch, J.; Crabtree, R. H. Inorg. Chem. 2001, 40, 5806-5811.
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original CEP report, DFT calculations were performed at the B3PW91 level o f theory 
to obtain geometry optimizations and frequency calculations o f the LNi(CO )3  complexes.
Despite the differences in the frequencies, for the four phosphines which have 
been evaluated by a ll three methods, the trend in  the CO stretching frequencies is PMe3 < 
PH3 < PCI3 < PF3 . When the results calculated using B3LYP/LANL2DZ are plotted 
against TEP and CEP (Figure F .l), linear regression gives the fo llow ing relationships:
v C O t e p  =  0 .8 0 7 3 ( v C O b 3l y p / l a n l 2d z )  + 438.56 cm 1 
v C O c e p  =  0 .9 5 0 4 ( v C O b 3l y p / l a n l 2d z )  + 237.73 cm 1
For the TEP and CEP relationships, the correlation coefficients are 0.9504 and 
0.9915, demonstrating good agreement between the three methods in  predicting the order 
o f electron donating ability. Therefore, the B3LYP/LANL2DZ method was effective to 
predict the relative electron donating ability and the relative donating power o f the 
phosphines in  the order: PMe3 > P(NH2 )3  > PH3 > PCI3 > PF3 .
xxv Perrin, L.; Clot, E.; Eisenstein, O.; Loch, J.; Crabtree, R. H. Inorg. Chem, 2001, 40, 5806-5811.
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TEP and CEP vs B3LYP/LANL2DZ
2220 i y = 0.9504X + 237.73
2200
2180




y = 0.8073X + 438.56
2100
2080
2060  W -----------------------------------------------
2040 -----------------1------------ r----------- 1--------------- i
2000 2020 2040 2060 2080
B3LYP/LANL2DZ (cm'1)
Figure F .l. Plot o f TEP and CEP vs. CO stretching frequency calculated using 
B3LYP/LANL2DZ (x-axis) for PMe3, PH3, PC13 and PF3.
In  Tolman’s classic review, the substituent contributions for PR’R2̂  to the CO 
stretching frequency (vCO) are calculated by the formula:
where 2056.1 is the CO stretching frequency for /-Bu3PNi(CO)3. By definition, for t-Bu, 
Xi = 0.0. Using the formula:
v C O t e p  =  0 . 8073 ( v C O b 3l y p / l a n l 2d z )  + 438.56 cm 1
3
v  COTEP = 2056.1 cm ' 1 + ^ Z i  cm 1
i=l
the stretching frequency for t-Bu3PNi(CO ) 3 is predicted to be 2003.6 cm 1 using the
B3LYP/LANL2DZ method. Substituting this value into:
3
v  COTEP = 2056.1 cm ' 1 + '^% i cm ' 1
i=l
gives:
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3
V ^^B3LYP/LANL2DZ = 2003.6 CIT1 + X  B3LYP/LANL2Dzi C m
i= l
This formula was used to calculate the substituent contributions Xi b 3ly p / la n l2d z  fo r CH3 , 
NH2, H, Cl, and F. These values are tabulated in Table F.2 and presented graphically in 
F igure F.2.
Table F.2. Tolman and B3LYP/LANL2DZ substituent contributions Xi and Xi 
b 3ly p / la n l2d z  fo r R3PNi(CO ) 3 complexes R = t- Bu, CH3, NH2, H, C l, F, CF3.
R Xi B3LYP/LANL2DZ Xi179
f-Bu n/a 0.0
Me 4.3 2.6




c f 3 n/a 19.6









t- Bu Me NH, H Cl CF,
Figure F.2. Graphical representation o f substituent contributions Xi and Xi b 3ly p / la n l2d z  
fo r R3PNi(CO ) 3 complexes where R = r-Bu, Me, NH2, H, C l, F, and CF3.
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A  low  value for %i and %i b 3 ly p / la n l2 d z  corresponds to electron donating groups, 
while high values indicate electron withdrawing groups. In Tolman’s 1977 review,XXVI 
the lowest Xi value was obtained for /-Bu (0.0), while the highest was for CF3 (19.6). As 
shown in F igure F.2, the substituents CH3 , NH 2 , H, C l, and F represent a broad range o f 
electron donating and withdrawing substituents. In addition, these results demonstrate 
that the relative donating abilities o f the substituents are CH3 > NH 2 > H > Cl > F.
^  Tolman, C. A. Chem. Rev. 1977, 77, 313-348.
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Appendix G Choice of Counterion
Ziegler and co-workers have performed calculations for ion pair formation
Y Y V 1Treactions w ith  a variety o f pre-catalysts. The calculations included the follow ing 
reactions involving cyclopentadienyl titanium phosphinimide complexes: 
CpTiMe2[NPR3] (R = H , Me, f-Bu) w ith B(C6F5)3, and CpTiMe2[NPMe3] w ith MAO and 
TM A-M AO  using fu ll DFT models. The resultant ion pairs formed from reaction w ith 
B(C6Fs)3 were methyl bridged structures o f the general formula CpTiMe[NPR3]-p- 
MeB(C6Fs)3. The ion pair formation energy, AHiPf, is simply the energy difference 
between the product ion pair and the starting reactants. The ion pair formation energy 
AHjpf was reported as:
CpTiMe2[NPR3] + B(C6F5)3 CpTiMe[NPR3]-|a-MeB(C6F5)3 + AHipf
As a starting point fo r the computational study reported in this thesis, the 
optimized coordinates for the ion pair CpTiMe[NPMe3]-p-M eB(C 6F5)3 as reported by 
Ziegler and co-workersxxvn were entered into a Gaussian input file . The geometry was 
recalculated using B3LYP/LANL2DZ. There was good agreement between the AH;pf for 
CpTiMe[NPMe3]-p-M eB(C6F5)3 calculated using B3LYP/LANL2DZ (-25.3 kcal m o f1) 
and the results reported by Ziegler and co-workers using ADF (-26.6 kcal m o f1) (Table 
G.l). However, in  the LANL2DZ basis set, the heavy atoms C, B, and F are represented 
by 9 basis functions, and overall, 321 basis functions are used to represent the 
[MeB(C6F5)3]_ anion alone. Since the time required to perform a DFT calculation scales 
roughly in  proportion to N 3 where N  = the number o f basis functions,xxvm further
xxvn Xu, Z.; Vanka, K.; Firman, T.; Michalak, A.; Zurek, E.; Zhu, C.; Ziegler, T. Organometallics 2002, 
21, 2444-2453.
xxvm Young, D. C. Computational Chemistry: A Practical Guide for Applying Techniques to Real-World 
Problems', Wiley-Interscience: New York, 2001.
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calculations involving the [MeB(C 6F5)3 ] anion were considered to be prohibitively 
demanding on computer resources.
Table G.l. Ion pair formation energies (AHjPf,a kcal mol ') fo r CpTiMe[NPR3]-p- 
MeB(C6F5)3 (R = H, Me, /-Bu) XXIX
Pre-Catalyst B(C6F5)3 B(C6F5)3
B3LYP/LANL2DZ Ziegler and co-workers
Gas Phase Gas Phaseb
CpTiMe2 [NPMe3] -25.30 -26.94
CpTiMe2 [NP(/-Bu)3] n/a -26.55
CpTiMe2 [NPH3] n/a -20.26
a Corresponding to the process CpTiMe2 [NPR3] + B(C6F5) 3 -4 [CpTiMe[NPR3 ]]+[MeB(C6F5)3] + AHipf. 
b Reported values from Xu, Z. et al. Organometallics 2002, 21, 2444-2453.
In order to reduce the computational costs involved w ith these calculations, an 
alternative model fo r B(C6Fs)3 was required. A previous study on ion pair formation 
energies involving constrained geometry ion pairs used B(C 6F5)3 , BC13 and BF3 as the 
methyl abstraction reagents to form the ion pairs (C5H 4SiH2NCH 3)TiMe-(j,-MeB(R ) 3 (R = 
C6F5, Cl, F). The reported AHjpf energies were -32, -19, and -9 kcal moF1 for R = C6F5, 
Cl, and F, respectively.xxx Since the AHiPf for B(C 6F5)3 was closer to that o f BCI3 than 
BF3 , BCI3 was chosen as the alternative model fo r B(C 6Fs)3 ; consequently this also 
dramatically reduced computational costs through the reduction o f the number o f basis 
functions. The gas phase ion pair-formation energies o f CpTiMe[NPMe3 ]-p-M eBCl3 and 
CpTiMe[NPMe3]-p-M eB(C 6F5 )3  calculated at the B3LYP/LANL2DZ level are -30.40 
and -25.30 kcal moF1, respectively (Table G.l and Table G.2). Therefore, the difference 
in AHiPf represents a reasonable sacrifice for the time savings which were realized by 
using the BC13 model.
XXIX Xu, Z.; Vanka, K.; Firman, T.; Michalak, A.; Zurek, E.; Zhu, C.; Ziegler, T. Organometallics 2002, 
21, 2444-2453.
xxx Lanza, G.; Fragala, I. L. Top. Catal. 1999, 7, 45-60.
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Table G.2. Ion pair formation energies (A H iPf,a kcal mol ')  for pre-catalysts
CpTiMe2[NPR3] (R = CH3, NH2, H, Cl, F).
Pre-Catalyst
CpTiMe2[NPR3]
AHjp/ (kcal mol-1) 
LANL2DZb 
Gas Phase
AHipfa (kcal mol-1) 
LANL2DZb 
Solution1
R  = Me -30.40 -33.66
R = NFF:. . .. .
-27.70 -31.78 '
R  = H -24.87 -29.71
A  .AY,:-: -10.36
R = F -1.41 -7.06
a Corresponding to the process CpTiMe2 [NPR3] + BC13 -> [CpTiMe[NPR3]]+[MeBCl3] + AHipf. 
b B3LYP/LANL2DZ. 
c B3LYP/LANL2DZ// B3LYP/BS2. 
d Solvent Toluene (e = 2.379).
The [M eBCl3]-  counterion also provides ion pair separation energies that correlate 
reasonably w ell to values reported by Ziegler and co-workers for the ion pairs 
CpTiMe[NPR3]-(.i-MeB(C6F5)3 (R = H, Me, f-Bu).XXXI For example, in  the ion pair 
CpTiMe[NPMe3]-p-M eBC l3, the gas phase ion pair separation energy calculated using 
B3LYP/BS2 is 84.9 kcal moF1, while the ion pair separation energy value reported by 
Ziegler and co-workers for CpTiMe[NPMe3]-p-M eB(C 6F5)3 is 84.17 kcal m o r1.XXXI 
Since the CpTiMe[NPMe3]-p-M eB(C6F5)3 ion pair structure had been optimized at the 
B3LYP/LANL2DZ level o f theory for the previous ion pair formation section, the 
geometry and energy o f the [MeB(Cf,F5)3]~ counterion was calculated for the sake o f 
comparison using B3LYP/LANL2DZ. The ion pair separation energy at this level o f 
theory for CpTiMe[NPMe3]-p-MeB(C6F5)3 was 70.28 kcal mol-1, which differs from the 
value reported by Ziegler and co-workers by approximately 14 kcal mol-1. This 
difference is most like ly  due to the variation in  the method and basis sets 
employed(Table G.3).
XXX) Xu, Z.; Vanka, K.; Firman, T.; Michalak, A.; Zurek, E.; Zhu, C.; Ziegler, T. Organometallics 2002,
27,2444-2453.
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Table G.3. M ethyl Ion pair Separation Energies (AHips_Me,a kcal mol !) for ion pairs 





a i t  a ^ îps-Me





a Corresponding to the process [CpTiMe[NPR3]]+[ MeB(C6F5)3] -> [CpTiMe[NPR3]]+ + [MeB(C6F5)3] +
^Hips-Me-
b Reported values from Xu, Z. et al. Organometallics 2002, 21, 2444-2453.
xxx" Xu, Z.; Vanka, K.; Firman, T.; Michalak, A.; Zurek, E.; Zhu, C.; Ziegler, T. Organometallics 2002, 
21, 2444-2453.
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Appendix H Supplementary X-Ray Data
Supplementary X-ray data for a ll structures reported in  this thesis is located on the 
CD attached to the back cover o f the thesis.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
228
Appendix I Synthesis and Structures of 
NiBr2[Me3SiNPR2(2-CH2Py)]
The phosphinimines Me3SiNP(R)2(2-CH2Py) (R = /-Pr (5.3),XXX!I! /-Bu (5.4)) 
reacted w ith N iB r2(DM E) (DME = 1,2-dimethoxyethane) in CH2C12 to form coordination 
compounds o f the formula N iB r2[Me3SiNP(R)2(2-CH2Py)] (R = z-Pr (1.1), /-Bu (1.2)) 







R = /-Pr (5.3), /-Bu (5.4) R = /-Pr (L I), /-Bu (1.2)
Figure 1.1. Syntheses o f N iB r2[Me3SiNP(R)2(2-CH2Py)] (R = /-Pr (1.1), /-Bu (1.2)).
Synthesis of NiBr2[Me3SiNP(R)2(2-CH2Py)] (R = /-Pr (1.1), t-Bu (I.2))
A ll preparations were performed using an atmosphere o f dry, oxygen-free 
nitrogen u tiliz ing  a Braun inert atmosphere glove box. Combustion analyses were 
performed by UWindsor Analytical Services. Anhydrous hexanes and CH2C12 were
X X X IVpurchased from  A ldrich Chemical Co., and purified w ith Grubbs’ column systems
xxxm Leung, W.-P.; Wang, Z.-X.; Li, H.-W.; Yang, Q.-C.; Mak, T. C. W. J. Am. Chem. Soc. 2001, 123, 
8123-8124.
xxxtv Pangbom, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Organometallics
1996,15, 1518-1520.
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manufactured by Innovative Technology. N iB r2(DME) was purchased from A ldrich 
Chemical Co. and used w ithout further purification. Me3SiNP(z-Pr)2(2-CH2Py) (5.3) was 
prepared according to a literature method.xxxv Me3SiNP(r-Bu)2(2-CH2Py) (5.4) was 
prepared as described in Section 5.2.5. X-ray collection and reduction, as well as 
structure solutions and refinements were conducted as described in Section 5.2.7. Cell 
parameters, R, Rw, and GoF values are located in  Table 1.1, while detailed structural 
parameters have been included on CD (Appendix H).
NiBr2[Me3SiNP(/-Pr)2(2-CH2Py)] (1.1): To a red suspension o f N iB r2(DME) (0.062 g, 
0.20 mmol) in  CH2CI2 (5 mL) was added a solution o f Me3SiNP(i-Pr)2(2-CH2Py) 
(5.3)xxxv (0.062 g, 0.21 mmol) in  CH2C12 (5 mL). The resulting blue suspension was 
stirred for 12 hours at room temperature. The suspension was filtered through Celite to 
give a clear, blue solution. Hexanes (~ 3 mL) were layered on top o f the CH2CI2 solution, 
and the solvent was allowed to slow ly evaporate. The product NiBr2[Me3SiNP(z-Pr)2(2- 
CH2Py)] (1.1), precipitated as a blue, crystalline solid, which was washed w ith hexanes (~ 
5 mL) and dried under vacuum. Y ield (0.085 g, 0.17 mmol, 85%). EA found C, 35.22; H, 
5.82; N, 5.40; calculated C, 34.99; H, 5.68; N, 5.44. X-ray quality crystals were obtained 
by slow evaporation o f a layered hexanes/C^CL solution.
NiBr2[Me3SiNP(r-Bu)2(2-CH2Py)] (1.2): To solid N iB r2(DME) (0.053 g, 0.17 mmol) was 
added a solution o f Me3SiNP(r-Bu)2(2-CH2Py) (5.4) (0.055 g, 0.17 mmol) in  CH2C12 (10 
mL). The resulting blue suspension was stirred for 12 hours at room temperature. The 
suspension was filtered through Celite to give a clear, blue solution. Hexanes (~ 3 mL) 
were layered on top o f the CH2 CI2 solution, and the solvent was allowed to slowly 
evaporate. The product NiBr2[Me3SiNP(t-Bu)2(2-CH2Py)] (1.2) precipitated as a blue, 
crystalline solid, which was washed w ith hexanes (~ 5 mL) and dried under vacuum. 
Yield (0.080g, 0.15 mmol, 88%). EA found C, 37.72; H, 6.30; N, 5.16.; calculated C, 
37.60; H, 6.13; N, 5.16. X-ray quality crystals were obtained by slow evaporation o f a 
layered hexanes/C^CL solution.
xxxv Leung, W.-P.; Wang, Z.-X.; Li, H.-W.; Yang, Q.-C.; Mak, T. C. W. J. Am. Chem. Soc. 2001,123, 
8123-8124.
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Table 1.1. Crystallographic parameters for N iB r2[Me3SiNP(/-Pr)2(2-CH2Py)] (1.1) and 
N iB r2[Me3SiNP(f-Bu)2(2-CH2Py)] (1.2).
Crystal 1.1 1.2
Molecular Formula Ci5H29Br2N2PSiNi C17H33Br2N2PSiNi
Formula Weight 514.99 543.04
a (A) 8.990(5) 12.284(9)
b (A) 14.932(8) 9.937(7)
c(A ) 16.673(8) 19.12(1)
a(°) 90.00 90.00
P (°) 100.69(1) 96.91(1)
7 0 90.00 90.00
Crystal System Monoclinic Monoclinic
Space Group P2(l)/c P2(l)/c
Volume (A3) 2199(2) 2317(3)
Dcalc (gem'3) 1.555 1.557
Z 4 4
Abs coeff, p, mm-1 0.4641 0.4410
0 range (°) 1.85-23.21 1.67-23.38
Reflections Collected 9175 9570
Data F02 > 3a(F02) 3126 3323
Parameters 199 217
R (%) 0.0267 0.0277
Rw(%) 0.0622 0.0665
Goodness o f Fit 1.067 1.043
The data were collected at 20°C with Mo Ka radiation (X = 0.71069 A)
R = £ | | f 0 | - | f c| I / S | Fo I , Rw = [£ (1F01 - | f J ) 2/S | f o | 2 ] 0 ' 5
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Figure 1.2. ORTEP diagrams (50% probability) o f N iBr2[Me3SiNP(R)2(2-CH2Py)] (R = 
z-Pr (1.1), t-Bu (1.2))
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
232
Appendix J Syntheses of HNP(R2)(2-CH2Py) & 
Structure of Ti[NP(R2)(2-CH2Py)][NP(R2)(2- 
CH2Py)][NP(R2)(2-CHPy)]
The phosphinimine ligand HNP(f-Bu)2(2-CH2Py) (J.l) was prepared via reaction 
o f Me3SiNP(/-Bu)2(2-CH2Py) (5.4) w ith excess MeOH under refluxing temperatures for 








Figure J.l. Synthesis o f HNP(f-Bu)2(2-CH2Py) (J.l).
(J.l)
Subsequently, 2 equivalents o f HNP(f-Bu)2(2-CH2Py) (J.l) were added to 
Ti(NEt2)4 , which resulted in a mixture o f products, including J.2, which was identified by 
X-ray crystallography (Figure J.2 and Figure J.3). The crystal was o f low  quality which 
resulted in  poor data (see Table J.l), thus only the connectivity o f the compound w ill be 
discussed. The core o f the structure is shown in Figure J.3. The t-Bu groups have been 
omitted for clarity. As can be seen, two o f the phosphinimides are bound to the T i center 
in  a bidentate fashion, while the third ligand is bound to the T i center in  a monodentate 
fashion through the phosphinimide nitrogen atom.







H2r  A-Bu 
^ \> U \f-B u
N N
1 ,„u*uuN K
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K.3
Figure J.2. Reaction o f HNP(f-Bu)2(2-CH2Py) (J.l) w ith Ti(NEt2)4 .
Figure J.3. PLUTO diagram o f the core o f Ti[NP(/-Bu)2(2-CH2Py)][NP(f-Bu)2(2- 
CH2Py)] [NP(/-Bu)2(2-CHPy)] (J.2). f-Bu groups have been omitted for clarity.
Syntheses of HNP(f-Bu)2(2-CH2Py) (J.1) and Ti[NP(f-Bu)2(2- 
CH2Py)][NP(f-Bu)2(2-CH2Py)][NP(f-Bu)2(2-CHPy)] (J.2)
A ll preparations were performed employing an atmosphere o f dry, oxygen-free 
nitrogen u tiliz ing  standard Schlenk line techniques or a Braun inert atmosphere glove 
box. !H, 13C {1H }, and 31P {1H } NM R data were acquired on Bruker Avance 300 or 500 
MHz spectrometers. 'H  and ^ C l'H } NM R chemical shifts are listed downfield from
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tetramethylsilane in parts per m illion  (ppm), and were referenced to the residual proton or 
carbon peak o f the solvent. 31P {1H} NM R chemical shifts were referenced relative to 
85% H3PO4 as an external standard. Combustion analyses were performed by UWindsor 
Analytical Services. Anhydrous toluene was purchased from A ldrich Chemical Co., and 
was purified w ith  Grubbs’ column systemsXXXVI manufactured by Innovative 
Technology. C^Ae was purchased from Cambridge Isotopes Laboratories and degassed 
by at least 4 freeze/pump/thaw cycles before storing over 4 A  molecular sieves or Na. 
MeOH was purchased from A ldrich Chemical Co. and dried over Mg prior to
YYYVTT
distillation. X-ray collection and reduction, as well as structure solutions and 
refinements were conducted as described in Section 5.2.7. Cell parameters, R, Rw, and 
GoF values are located in Table J .l, while detailed structural parameters have been 
included on CD (Appendix H).
HNP(f-Bu)2(2-CH2Py) (J .l): Me3SiNP(M3u)2(2-CH2Py) (5.4) (0.552 g, 1.70 mmol) and 
dry MeOH (15 m L) were added to a 100 mL Schlenk flask and the m ixture was heated at 
refluxing temperature for 12 hours. The solvent and volatile products were removed
* 3 1 1under vacuum, giving a pale, off-white solid. Y ield (0.405 g, 1.61 mmol, 95%). P{ H } 
NMR (121 MHz, C6D6) 5: 50.1 (s). lU NM R (300 MHz, C6D6) 8: 8.40 (d, 1H, 3JH-h = 4 
Hz, Py), 7.55 (m, 1H, Py), 7.10 (m, 1H, Py), 6.63 (m, 1H, Py), 3.19 (d, 2H, 2Jp.h -  11 
Hz, CH2), 1.09 (d, 18H, 3JP_H -  13 Hz, C(CH3)3). ^ C ^ H } NM R (75.5 MHz, C6D6) 8: 
157.0 (d, 2JP-C = 5 Hz, Py, (ipso -C)), 149.5 (s, Py), 135.7 (s, Py), 125.7 (s, Py), 121.6 (s, 
Py), 36.6 (d, V c  = 61 Hz, C(CH3)3), 34.2 (d, V c  = 53 Hz, CH2), 27.7 (s, C(CH3)3). 
EA: found C, 66.63; H, 10.30; N, 11.07; calculated C, 66.64; H, 9.99; N, 11.10.
Ti[NP(t-Bu)2(2-CH2Py)][NP(r-Bu)2(2-CH2Py)][NP(r-Bu)2(2-CHPy)] (J.2) To a orange 
solution o f T i(N Et2 ) 4  (0.069 g, 0.21 mmol) in  toluene (~ 4 m L) was slowly added a 
solution o f HNP(f-Bu)2(2-CH2Py) (J .l)  (0.103 g, 0.41 mmol) in  toluene (~ 5 mL). The
XXXVI Pangbom, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Organometallics
1996,15, 1518-1520.
xxxvn Gordon, A. J.; Ford, R. A. A Chemist's Companion. A Handbook o f Practical Data, Techniques, and 
References, 1972.
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resulting orange solution was stirred at room temperature. The reaction was monitored by 
31P {'H } NM R spectroscopy, and after 72 hours, it was apparent from the ^ P l'H }  NMR 
spectrum that m ultiple products had formed. A t this time, the solvent was allowed to 
slowly evaporate, and fortunately, a red, X-ray quality crystal was obtained. Due to the 
mixture o f products, yield and multinuclear NM R spectroscopic data were not obtained.
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Crystal System M onoclinic




Abs coeff, p, mm-1 0.326
0 range (°) 1.04-23.22
Reflections Collected 36921




Goodness o f Fit 0.989
The data were collected at 20°C with Mo Ka radiation (k = 0.71069 A)
R = E | | F01 - 1FJ | / E | F01, Rw = [E ( | F01 - I Fc | )2 / E IF0 i 2]0 5
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